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ABSTRACT

IN
SITU
NONDESTRUCTIVE
CHARACTERIZATION
OF
DAMAGE
PROGRESSION IN CERAMIC MATRIX COMPOSITES AT ROOM AND
ELEVATED TEMPERATURES

Name: Gural, Roger J.
University of Dayton, 1998
Thesis Advisor: Dr. Reji John
This investigation successfully uses an integrated NDE/mechanical test system to
characterize damage initiation and accumulation in [0]i6 Nicalon/MAS-5 and [0/90]3s
SiC/BMAS ceramic matrix composite (CMC) systems at room and elevated (up to
900°C) temperatures. Extensive surface replication and photography are used to correlate
changes in ultrasonic surface and longitudinal wave characteristics to damage
mechanisms.
The sudden decrease in the peak-to-peak amplitude of the surface wave signal
coincides with the onset of matrix cracking at room and elevated temperatures. The
amplitude of the surface wave signal decreases with increasing crack density. Matrix
cracking first occurs in matrix rich regions where the fiber spacing is the widest. In both
[0] i6 and [0/90]3s materials, testing at elevated temperatures delays the onset of matrix
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cracking. Testing at elevated temperatures results in an overall reduction in the number
of matrix cracks for both [0] and [0/90] materials.
The sensitivity of the surface wave to peak stress levels can be used to
differentiate between the initiation and propagation of damage during interrupted testing.
A portion of the surface wave response is attributed to the opening and closing of fiber
bridged crack surfaces during loading and unloading. Measurements of the changes in
surface wave amplitude as a function of crack density allow estimates of damage to be
made through nondestructive means. The longitudinal wave demonstrates a sensitivity to
changes in the overall stiffness, as opposed to the progression of matrix cracking.
A shear lag model is used to deduce the changes in the interfacial sliding stress as
a function of temperature for the [0] i6 and [0/90]3s material. The sliding stress decreases
with increasing temperature for both materials. Predictions for the composite unloading
modulus are not influenced by changes in the sliding stress.

Predictions for the

permanent strain indicate that the [0] i6 material possesses a very low debond energy.
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CHAPTER 1
INTRODUCTION

1.1 Overview
Ceramic matrix composites (CMC) are considered to be potentially useful as
hot-section components in advanced engines and structures in aerospace vehicles.
The enhanced behavior of the CMC compared to unreinforced matrix is attributed to
mechanisms such as crack arrest, retardation of crack growth, and distribution of
damage by the reinforcing fibers [1]. Prediction of the mechanical behavior of CMC
depends on accurate knowledge of damage initiation and progression under service
load conditions. The following pages review the relevant investigations of damage
characterization at room and elevated temperatures. Mechanical modeling of CMC is
briefly discussed. A common refrain in the reviewed literature is the need for more
reliable and efficient methods of detecting damage during CMC testing. Therefore,
the second half of this introduction is devoted to reviewing the recent advances in
ultrasonic nondestructive evaluation (NDE) of CMC.

1.2 Mechanical Behavior of CMC
Ceramic matrix composites have several advantages over their monolithic
counterparts in consideration for the new generation of aerospace structures. Ceramics
with high strength fibers and a sufficiently weak fiber/matrix interface enjoy larger strains
to failure, a redistribution of stresses along the composite and an increased tolerance of
holes and notches [2, 3]. A schematic of the stress-strain behavior of reinforced and
unreinforced material is shown in Figure 1. In regions of low stresses, the CMC and
unreinforced material display linear elastic behavior with a modulus determined by the
rule-of-mixtures. As the stress level increases, the materials reach the matrix cracking
stress. The unreinforced material fails in a brittle manner.
Conversely, matrix cracks propagate transversely throughout the CMC in a
direction normal to the fiber direction, resulting in a proportional limit [3, 4], Figure 2 is
a schematic of idealized matrix cracking behavior in a [0/90] (cross-ply) composite.
Cracks initiate first in the thick central 90° layers and span the entire ply width. Upon
further loading, the 90° plies continue to crack until saturation, at which point the cracks
extend into the 0° layers. As the cracks are bridged by intact fibers in the 0° layers, the
load carried by the matrix is transferred to the fibers by shear stresses at the fiber/matrix
interface [5] as shown in Figure 3. Interfacial sliding and debonding results in hysteresis
upon unloading from maximum stresses above the proportional limit, as seen in Figure 1.

Stress,
Figure 1: Stress-strain curves for reinforced and unreinforced ceramic materials

Crack initiation

~r~
Multiple 90° ply cracking

Increasing
Stress
90° saturation and
extension into 0° plies
Figure 2: Idealized progression of matrix cracking in [0/90] CMC

4

a

4

Figure 3: Example of a fiber bridged matrix crack subject to sliding stresses.

The onset of matrix cracking results in modulus reductions, permanent strains, the
loss of protection provided by the matrix against corrosion of fibers, and the introduction
of high stresses in the fibers [6]. As the space between adjacent cracks decreases, the
matrix is unable to sustain further cracking, resulting in a saturation density. As the load
increases beyond this point, the load carried by individual fibers increases until fracture.
The composite ultimate strength is determined by the statistical distribution of fiber
strengths [7]. The sequence of damage events has been of great interest to researchers for
the past two decades. In particular, the understanding of matrix crack initiation and
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progression is crucial to the modeling of composite behavior at low and intermediate
stress levels.
1.2.1 Room Temperature Investigations
Investigators have long sought to adequately describe the behavior of CMC
systems. Interlaminar shear analyses, ply discount theories, and other failure criteria
developed for polymer and epoxy matrix composites were applied to CMC systems [811]. These techniques typically use measured crack densities to calculate the residual
elastic moduli of a laminate. Shear lag analyses were confined to treatments of shear
stresses between layers.

Debonding and sliding between fiber and matrix were not

addressed.
Studies more relevant to the class of glass-ceramics examined in this investigation
were conducted by Aveston, Cooper, and Kelly (ACK). Aveston, et al. [12] treated the
damage progression in CMC as an array of regularly spaced steady-state matrix cracks.
Fibers bridging the open cracks slid against the matrix with a constant interfacial shear
stress, t . An energy balance approach was used to solve for the critical composite stress
necessary to propagate the crack. Marshall, Cox, and Evans [3] developed equivalent
energy balance and stress intensity approaches to predict the stress needed for steady-state
crack growth. The results indicated that steady-state cracking at high stress levels was
likely only for a select few constituent combinations.
Unlike the instantaneous crack spacings predicted by the ACK model, Zok and
Spearing [13] observed crack densities that gradually increased. The random nature of
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crack spacing observed was attributed to a combination of flaw distribution and the
shielding interactions between adjacent cracks.

Numerous other studies presented

additions, modifications, and clarifications of steady-state and shear lag models that
incorporate fiber bridging [6, 14-21], Several recent models utilized information from
hysteresis loops and crack spacing to predict composite behavior [2, 22-26]. All of these
investigations emphasize the importance of acquiring independent information
concerning the evolution of crack spacing during testing. The following investigations
show that the documentation of damage in CMC is a complicated and somewhat daunting
task.
Kim and Pagano [27] found that changes in the stress-strain curve of several
glass-ceramic composites were caused not by steady state cracks, but by an accumulation
of small microcracks.

Through acoustic emission, acetate replication, and optical

microscopy, matrix microcracking was observed to precede the proportional limit in
unidirectional CMC.

Moreover, in cross-ply composites, Kim found evidence of

simultaneous cracking in 0 and 90° plies. The high strength matrices of CMC displayed
different matrix cracking behavior than that observed in epoxy and polymer matrix
composites. Kim and Pagano [28] also observed internal matrix microcracking in which
the crack surface surrounded a single fiber and terminated at the surrounding fiber
interfaces. The internal cracking mode initiated at or near the surface of the CMC. Unlike
the through thickness cracks assumed in earlier models, this localized phenomenon
explained why extensive microcracking was not reflected by a significant reduction of
longitudinal stiffness in the stress-strain curve.
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Zawada, Butkus, and Hartman [29] identified matrix crack initiation stresses
using acetate replicates and acoustic emission during tensile testing of Nicalon/LAS-II.
Variation among values for the matrix cracking stress was attributed to differences in
fiber volume fractions, fiber distributions and other process variables. Matrix cracking
stresses for unidirectional systems often occurred well before the proportional limit.
Thus, the stress-strain curve again proved to be an unreliable indicator of the onset of
matrix cracking. Other investigations showed similar results for mechanical behavior and
the evolution of crack spacing [19, 20, 22, 30].
Barsoum, Kangutkar, and Wang [31] investigated the effects of fiber spacing on
crack initiation by varying the volume fractions in unidirectional SiC/LAS. By situating
the test apparatus in a scanning electron microscope (SEM), Barsoum et al., were able to
determine matrix cracking stresses.

The matrix cracking stress of the composites

decreased with increasing fiber spacing. Isolated cracks between fibers grew along the
fiber/matrix interface for lengths on the order of the fiber spacing. Upon further loading,
cracks propagated into the matrix normal to the loading direction. Eventually, the cracks
linked together, giving the appearance of a steady-state fiber-bridged matrix crack.
Kagawa and Goto [32] used a transmission optical technique to characterize early
stage cracking in Nicalon reinforced borosilicate glass. Matrix cracks always occurred
first in the widest matrix rich regions. Early stage short cracks were confined to the
spacing between adjacent fibers. Cracks spanned distances longer than a single fiber
spacing only after shorter cracks linked up.
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1.2.2 Elevated Temperature Investigations
Among the advantages of using a glass-ceramic as a composite matrix are
resulting low densities and high composite use temperatures. Because of its viscous flow
characteristics at very high temperatures, a glass matrix composite can be densified at
elevated temperatures without damaging the reinforcing fibers. Crystallization of the
matrix after densification, or “ceraming,” may result in additional physical and chemical
stability above 1000°C. Several investigations have characterized the response of CMC
systems at elevated temperatures.
Brennan and Prewo [33] found that the bend strengths of unidirectional SiC/LAS
increased when tested at 900-1000°C. The increase in strength was attributed to the
decreasing viscosity of the glass matrix, resulting in an increase in strain capacity.
However, above 1050°C, the effective flexural strength dropped off. At this temperature
the matrix viscosity became too low to transfer load to the fibers effectively.

At

temperatures approaching 1200°C the matrix deformed plastically. Brennan found that
the room temperature thermal conductivity of the composite material, regardless of fiber
volume fraction or orientation, can be approximated by the monolithic material alone.
Brennan found that glass-ceramics are relatively good insulators, being lower in thermal
conductivity than most nickel based superalloys by a factor of about seven. The low
thermal conductivity of glass-ceramics is an important factor in the application of in situ
NDE techniques as discussed later in Chapter 3.
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Kuo and Chou [34] found that fiber debonding was a major factor in determining
the stress-strain relation of the composite. Due to differences in thermal expansion of the
fiber and matrix, thermal residual stresses are present in ceramic matrix composites at
temperatures lower than their consolidation temperatures. Kuo and Chou discovered that
these thermal stresses depended not only on the material properties, but also on the crack
spacing, which was a function of the externally applied stress. As the external load
increased, the crack spacing decreased, and the contribution of the thermal stress also
diminished.
Sun, Nutt, and Brennan [35] found that glass-ceramic composites typically
exhibited embrittlement and a loss of strength when exposed to high-temperature
oxidizing environments for long periods of time. The embrittlement phenomenon was
exacerbated by the presence of an externally applied stress. The embrittlement occurred
when the fiber/matrix interface was exposed to oxygen in one of two ways. First, oxygen
diffused to the interface via matrix microcracks. Second, oxygen reached the carbon
interfacial layer via diffusion initiating from cut ends of exposed fibers at the composite
surface. The oxygen reacted with carbon in the interfacial layer and a glassy oxide layer
formed on the exposed fiber surfaces which bonded the fibers tightly to the matrix. The
increased interfacial shear stresses resulted in brittle composite behavior. Microscopic
observations revealed microstructural damage in the form of cracks along interfaces and
through the matrix. Crack propagation occurred through the matrix to the fiber/matrix
interface and only in the 90° layers of the [0/90] composites. Matrix cracks started at
critical flaws in the matrix and propagated to the matrix/fiber interface.

Interfacial
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debonding occurred when the stress at the interface exceeded the interfacial strength,
allowing the crack to propagate along the interface.
Sun, Nutt and Brennan [36] also found that the ultimate strength and strain-tofailure of SiC/BMAS cross-ply composites increased with increased temperature, while
the elastic modulus decreased. The fracture surfaces at 21 and 1100°C were fibrous in
nature, indicating extensive fiber pullout and crack deflection along interfaces during
fracture.

The fracture surface of the composite tested at 1200°C exhibited different

features. A glassy surface layer appeared in matrix regions of the fracture surface. At
high temperatures (1100 and 1200°C), intergranular glass films were presumed to become
less viscous, facilitating boundary sliding, and rendering the matrix more susceptible to
damage processes.
The elevated temperature damage modes increased the matrix compliance and
contributed to the observed decrease in modulus and proportional limit stress. Because
the Nicalon fibers retained their strength at this temperature, the matrix carried relatively
little of the load. Matrix softening at high temperature allowed the composite to become
more damage tolerant and resulted in an increase in both ultimate strength and strain-tofailure. The matrix properties controlled the stress at which microcracking was prevalent,
and therefore controlled the proportional limit, elastic modulus and overall oxidation
resistance.
Thomas and Sanchez [37] investigated the effects of changes in the interfacial
sliding stress on hysteresis behavior and energy dissipation properties due to high
temperature exposure. Thomas and Sanchez determined the sliding stress for a specimen
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of known crack spacing after repeated exposure to elevated temperatures. Oxidation of
the carbon layer resulted in a greater percentage of the mechanical energy being
dissipated by frictional sliding, with less energy available to drive the propagation of the
matrix. Increases in the sliding stress reduced the length over which sliding occurs and
thus, the amount of energy dissipated. In the presence of extremely high sliding stresses,
no energy was dissipated by frictional sliding, and all of the applied force led to
mechanical damage and catastrophic failure.
Both Bischoff et al. [38] and Thouless et al. [39] found a large reduction in fiber
pullout length with oxidation at elevated temperatures for increasing amounts of time.
Short pullout lengths were attributed to oxidation of the carbon-rich interfacial layer.
Filipuzzi et al. [40, 41] further investigated the oxidation of Nicalon/glass-ceramics. At
lower temperatures (<900°C), oxidation resulted in the vaporization of the carbon layer
and the formation of a void between fiber and matrix. A different oxidation mechanism
operated at 900°C and above. As the fibers oxidized, scales formed on the fiber and
matrix oxide and increased in size until the voids filled. When the scales eventually came
into contact across the void, a strong interfacial bond formed. Similar changes in the
interfacial sliding stress was documented at intermediate temperatures during testing of
unidirectional SiC/MAS [42,43] and Nicalon/CAS-II [44],
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1.3 Nondestructive Evaluation (NDE) of CMC
The introduction of CMC into the aerospace industry has presented new
challenges to the field of materials characterization. Traditional methods of detecting
damage, such as extensometers and strain gages, do not possess the sensitivity necessary
to detect the damage modes presented by this new class of materials. Other methods of
damage detection, such as acetate replication and edge inspection, are time consuming
and labor intensive. Consequently, the application of nondestructive evaluation (NDE)
for detecting damage in CMC has received renewed interest. One particular method, the
use of ultrasonic surface acoustic waves, has shown promise for detecting the propagation
of matrix microcracks during testing of CMC. Several current ultrasonic NDE techniques
are reviewed due to their relevance to damage characterization of CMC.

1.4 Theoretical Aspects o f Ultrasonic Waves
Sound waves propagate to some extent in any medium that is elastic.

A

disturbance introduced at one point in a material will cause a corresponding displacement
of neighboring particles [45]. Several waves are supported by solid media. Longitudinal
waves are characterized by particle vibration parallel to the direction of wave
propagation.

Transverse, or shear, waves are identified by the vibration of particles

perpendicular to the direction of wave propagation.

Surface, or Rayleigh, waves are

similar to transverse waves but travel along the surface of a solid that is bounded by the
weak forces of a gas or liquid. A schematic of an experimental setup used to generate
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surface waves is shown in Figure 4. Longitudinal waves are emitted from the transducers
and travel through the mode conversion wedges. The angle and composition of the
wedges are specially tailored to convert the longitudinal waves into surface waves on the
CMC specimen. A schematic of a typical ultrasonic wave as viewed on an oscilloscope is
shown in Figure 5.

Transmitting

Receiving
Transducer

Figure 4: Schematic of a Rayleigh wave incident on a surface breaking crack.

Figure 5: Schematic of an ultrasonic wave as viewed on an oscilloscope.
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Rayleigh waves travel with a velocity approximately 90% of the transverse wave
velocity in the same material. The sensitivity of Rayleigh surface waves to the presence
of small surface cracks is a consequence of the penetration of surface waves to
approximately one wavelength. Each crack encountered removes part of the incident
wave energy by scattering as shown schematically in Figure 4.

Consequently, the

transmitted signal undergoes attenuation and changes in phase velocity [46]. The surface
wave technique is most effective when used with materials that develop near-surface
flaws.

7.5 Ultrasonic Inspection
Ultrasonic inspection is an established NDE method for detecting defects in
composites.

The various applications of ultrasonics with composites are far too

numerous to mention here. A few techniques developed specifically for the detection of
microcracks are discussed.

Littles, Jacobs, and Qu [47] described the scattering of

longitudinal waves by arrays of cracks with varied spacings.

Tittman et al. [48],

interpreted the scattered radiation from surface waves impinging upon surface cracks in
silicon nitride and aluminum. Tittman et al. [48] estimated the size and depth of surface
breaking cracks to a reasonable degree of accuracy. In addition, Tittman et al. [48] noted
that crack closure played a large role in the effectiveness of defect detection with
ultrasonics. Although the above techniques were used to detect single cracks, KhuriYakub, Kino, and Evans [49] noted that the total backscattered amplitude of an ultrasonic
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signal was an appropriate measurement for the prediction of composite failure. Several
other authors present frameworks for relating the features of ultrasonic wave propagation
to a distribution of surface breaking cracks [46, 50-53].

1.5.1 Surface Acoustic Wave Test Methods
Several investigators utilized surface waves to detect cracks during materials
testing. Karpur and Resch developed a signal processing technique to detect cracks via
changes in the peak-to-peak amplitude of backscattered Rayleigh waves. The technique
detected half-penny shaped flaws an estimated 20 microns in diameter in metals during
fatigue tests [54]. Achenbach and Komsky [55, 56] developed a self calibrating bridge
capable of measuring surface waves in through-transmission or reflection modes.
Changes in the speed and amplitude of the surface wave signal were reported as a
function of fatigue cycles for an Al-SiC composite specimen [55, 56]. MacLellan et al.
[57, 58], compared the changes in an in situ surface wave to other forms of NDE. This
technique detected the onset and progression of fatigue damage in a titanium metal matrix
composite. MacLellan et al. [57, 58] found this technique to be more sensitive to matrix
cracking than changes in the load-displacement modulus.

Buchanan et al., [59-61]

compared surface and longitudinal wave characteristics to stiffness changes during
tension, creep, and fatigue testing of CMC and MMC. The changes in surface wave
signal were presumed to be due to surface and near-surface microcracks.
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1.5.2 Elastic Constant Test Methods
Because ultrasonic waves are mechanical waves, they are able to detect changes in
the stiffness of materials. Kautz and Bhatt [62, 63] used an interrupted technique to relate
ultrasonic velocity to mechanical properties between heat treatments of a SiC/RBSN
composite. The ultrasonic velocity was used to calculate changes in the axial elastic
modulus and interfacial shear strength. Chu et al. [64] also investigated the ultrasonic
and mechanical properties of the SiC/RBSN composite. Chu et al. [64] described the
changes in the Rayleigh critical angle as a function of thermal shock cycling. Hsu et al.
[65] measured moduli and porosity content using dry coupled longitudinal and shear
waves. Bouchetou et al. [66, 67] used a low frequency ultrasonic signal to measure
Young’s modulus during thermal fatigue. The test apparatus developed by Bouchetou et
al. [66, 67] was capable of measuring stiffness changes at temperature under tensile
loading.

El Bouazzaoui, Baste, and Camus [67, 68] used contact and immersion

transducers to calculate the stiffness tensor of a CMC during testing in an immersed test
frame. Baste et al. [67, 68] compared predictions for the crack density to microstructural
observations.

Kasap et al. [69, 70] thermally fatigued an E-glass composite and

monitored the ultrasonic attenuation and velocity of longitudinal waves. Kasap et al. [69,
70] used a scanning electron microscope (SEM) to present a qualitative account of
oxidation damage.
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1.5.3 Acousto-Ultrasonic Methods
Acousto-Ultrasonics (AU) is another technique adapted for testing of CMC. AU
techniques combine elements from acoustic emission (AE) and traditional ultrasonics.
AU usually involves the introduction of shear or longitudinal waves into the specimen at
one location and then detection at another. The propagated stress waves are affected by
both the material and damage state between the transducers.

Although the physical

relationship between AU wave propagation and damage is not well understood, this NDE
method is readily adapted to real-time in situ testing.
Hayford and Henneke II [71] applied a pulse-echo AU technique to monitor
damage in several graphite/epoxy composite systems. Distinct changes in the attenuation
of the AU signal occurred at load levels associated with the onset of transverse ply
cracking. Grosskopf and Duke [72] generated pulses from broadband contact transducers
in borosilicate glass reinforced with Nicalon fibers.

The changes in the AU data

coincided with damage detected by several other NDE techniques. Wooh and Daniel [4,
73] attempted to correlate the mechanical behavior of SiC/CAS with microscopic
observations and ultrasonic measurements.

Changes in ultrasonic attenuation and

wavespeed were reported along with stress-strain and crack density behavior. Wooh,
Daniel, and Chun [74] also reported crack densities and ultrasonic backscattered energy
during testing of a graphite/epoxy composite. Tiwari, Henneke II, and Reifsnider [7578] applied an AU technique to static and fatigue loading of unidirectional and cross-ply
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SiC/CAS-II composite. The AU data was correlated to observed damage events and
eventually incorporated into a model of stress-strain behavior.

1.6 Summary and Discussion
The room temperature matrix microcracking behavior of glass-ceramics is well
documented. However, the techniques used in previous investigations, such as edge
inspection and replication, are quite laborious. Recently developed models incorporate
crack spacings as well as hysteresis loop widths and unloading moduli to predict
composite behavior. This new class of models, rather than interlaminar shear analyses,
hold more promise for a theoretically sound treatment of the observed physical behavior.
Three important details emerge from the high temperature studies. The first is
that matrix softening results in a reduced modulus, greater strain capacity, and a more
damage tolerant composite. Second, the oxidation of the carbon layer at the fiber-matrix
interface occurs at either free surfaces and/or through matrix cracks. Depending on the
nature of the oxidation mechanism, elevated temperature exposure can result in either
carbon vaporization or the formation of a strong interfacial bond. Third, the experimental
and theoretical implications of crack spacing at elevated temperature have not yet been
addressed.
Several ultrasonic NDE techniques exist for the detection of damage in ceramic
matrix composites. Each technique has shown promise for use in CMC testing, but
several troubling issues remain. Few of the reviewed techniques give accounts of damage
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beyond a comparison to conventional stress-strain curves. The AU methods correlate
well with qualitative and quantitative accounts of observed damage at room temperature.
However, the interpretation of the physical relationship between damage and the
interrogating stress wave has yet to be explained to a satisfactory degree.

The

determination of elastic constants through ultrasonics is a well understood and proven
technique.

These methods frequently require the interruption of physical testing for

characterization.

Unfortunately, interrupting a test to perform NDE may change the

dynamics of the damage mechanism or even the exact progression of damage itself [77].
Several investigations rely upon immersion tanks for in situ testing. Naturally, such
inquiries are ill-suited for use at elevated temperatures.
Clearly, in order to monitor damage development during testing, some type of in
situ method is required. The feasibility of an in situ surface wave technique has been
previously demonstrated at room temperature.

The interaction of surface waves and

cracks is fairly well understood, but investigators have not directly linked observed
damage processes to the changes in surface and bulk waves in CMC. In addition, the
feasibility of using the surface wave technique in high temperature environments has yet
to be investigated.

CHAPTER 2
PROBLEM STATEMENT, OBJECTIVES, & TEST PLAN

2.1 Problem Statement
Room temperature damage initiation and progression in CMC has been well
documented [2, 3, 6, 13, 15-32, 38, 79-83],

Damage characterization performed at

elevated temperatures has been limited to examination of fracture surfaces and interfaces,
the comparison of room and elevated temperature stress-strain curves, and post-test edge
examination [33, 36-44, 84], The initiation and evolution of matrix microcracking at
elevated temperature has been overlooked, ostensibly due to the rigors presented by
elevated temperature testing. Relatively few studies exist concerning the application of
life prediction models to CMC at elevated temperature. A detailed description of matrix
microcracking in CMC at projected service temperatures is essential for developing
comprehensive life prediction models.
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Several ultrasonic techniques exist for the nondestructive detection of damage in
ceramic matrix composites at room temperature. Few techniques provide a validation of
the nondestructive data beyond a comparison to stress-strain curves [10, 48, 49, 60, 6265, 67-69, 71, 72, 75-78, 85-89].

Other methods are unsuitable for conducting

uninterrupted testing at elevated temperatures. In situ surface wave techniques have
previously demonstrated their sensitivity to damage at room temperature [59, 60], The
interactions between surface waves and cracks are fairly well understood, both
experimentally and theoretically. However, physically observed damage processes, such
as cracking and debonding, have not been directly linked to the changes in surface and
bulk waves in CMC. In addition, the in situ surface wave technique has not yet been
implemented during high temperature testing of ceramic composites.

2.2 Objectives
The primary objective of this investigation is to characterize the physical
mechanisms governing the bulk and surface wave behavior at room temperature for
unidirectional and cross-ply CMC. The sequence of observed damage progression must
be linked to outward mechanical behavior (extensometry) and to the surface and bulk
wave phenomena. If the relationship between damage in the CMC and surface wave
characteristics can be established, then the life of the composite can possibly be predicted
through nondestructive means.
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The second objective is to investigate the feasibility of applying the NDE
technique to elevated temperature testing. Again, the sequence of damage progression in
the CMC must be linked to outward mechanical behavior and to the surface and bulk
wave behavior. Application of the experimental techniques at elevated temperatures will
allow comparisons to be made with mechanical and ultrasonic data acquired at room
temperature.
The third objective is to show that the observed damage measurements can be
used to model the mechanical behavior of CMC. Current models will be used to deduce
changes in the composite response at room and elevated temperatures.

2.3 Methodology and Test Plan
The work performed in this investigation consisted of a series of tensile tests run
under several sets of loading and environmental conditions.

Room and elevated

temperature tests were performed on [0]i6 Nicalon/MAS-5 and [0/90]3s SiC/BMAS
ceramic matrix composites using a servohydraulic test machine. The sequence of tests
was intended primarily to provide analogous data at two different temperatures for both
composite systems. In addition to a validation of the NDE techniques, the series of tests
allowed comparisons to be made between damage mechanisms at room and elevated
temperatures.
Ultrasonic data was acquired in conjunction with the mechanical test data.
Physical damage mechanisms were also documented at specific intervals. In this manner,
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the sequence of tests made it possible to deduce the nature of the relationship between the
ultrasonic wave and the progression of damage in CMC. The experimental procedures
are discussed in detail in Chapter 3.

CHAPTER3
EXPERIMENTAL PROCEDURES AND EQUIPMENT

3.1 Introduction
The composite materials tested in this study are described in this chapter. The
mechanical, ultrasonic, and optical systems, testing equipment, room and elevated
temperature testing procedures, and various experimental techniques are discussed.

3.2 Material

3.2.1 [0]i6 Nicalon/MAS-5
The unidirectional material CMC consisted of a magnesium-aluminosilicate
matrix including 5% borosilicate glass (MAS-5) reinforced with continuous silicon
carbide fibers (Nicalon™).

The composite tiles were manufactured by Coming

Incorporated. The composite tiles contained the following layup: [0]i6 with an overall
total thickness of 3.0 to 3.5 mm. The average fiber volume fraction was determined by
image analysis to be approximately 46.5 percent. The tiles were fabricated by uniaxial
hot pressing. The microstructure of the composite was highly dense, with few apparent
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voids, as shown in Figure 6. Inspection of the specimen edges revealed no preexisting
cracks in the matrix.

Figure 6: Microstructure of [0] i6 Nicalon/MAS-5.

3.2.1.1 fOI16 Nicalon/MAS-5 Specimen Geometry
The Nicalon/MAS-5 specimens were machined from the panels using a slow
speed diamond saw. The first panel was used to machine short dogbone specimens for
room temperature testing. Straight sided specimens were machined from the remaining
panel section. Several dogbone specimens were machined with an extended tab section.
The extended tabs, along with the low thermal conductivity of the glass-ceramic material,
allowed the in situ NDE equipment to be used on the specimen surface during high
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temperature testing. The dogbone specimens were used exclusively for crack studies to
ensure that cracking occurred in the reduced gage section. The straight sided specimens
were used for elevated temperature monotonic testing and companion specimens. The
companion specimens were used for temperature calibration and control of the heating
system discussed in section 3.3.2. The dimensions for each type of specimen can be seen
in Figure 7, Figure 8, and Figure 9. Fiberglass tabs were bonded to the specimen ends to
prevent crushing and to increase friction between the smooth grip inserts.
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Figure 7: Geometry of [0] i6 Nicalon/MAS-5 short dogbone specimen.
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Figure 8: Geometry of [0]16 Nicalon/MAS-5 straight sided specimen.
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Figure 9: Geometry of [0]i6Nicalon/MAS-5 dogbone specimen with extended tabs.

3.2.2 [0/90]3s SiC/BMAS
The cross-ply CMC consisted of barium-magnesium-aluminosilicate matrix
(BMAS) reinforced with continuous silicon carbide fibers (Nicalon) with a proprietary
duplex coating.

The composite tiles were manufactured by United Technologies

Research Center. The composite tiles contained the symmetric layup: [0/90]3s- Each
composite had a total of twelve plies with an overall total thickness of 2.54 to 3.05 mm.
The fiber volume fraction was determined by image analysis to be approximately 35.5%.
The tiles were fabricated by uniaxial hot pressing.
Matrix rich regions, such as the areas above and below the central 0° ply in Figure
10, were later found to be predominant sites for crack initiation.

Several specimens

contained voids on the machined surfaces. In most instances, the deeper voids in the gage
length could not be removed by polishing.
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Figure 10: Microstructure of [0/90]3s SiC/BMAS.

3.2.2.1 r0/90hs SiC/BMAS Specimen Geometry
Straight sided specimens were used for monotonic testing or companion
specimens.

Dogbone specimens were used exclusively for crack studies to ensure

cracking within the reduced gage area. The specimen lengths allowed adequate room for
the surface wave transducers, clips, extensometers, and camera during room temperature
testing only. The dimensions for each type of specimen can be seen in Figure 11 and
Figure 12. Similar to the [0]16 Nicalon/MAS-5 specimens, fiberglass tabs were bonded to
the specimen tab areas.
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Figure 11: Geometry of [0/90]3s SiC/BMAS straight sided specimen.
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Figure 12: Geometry of [0/90]3s SiC/BMAS dogbone specimen.

3.2.3 Constituent and Composite Properties
The fibers used in this work consisted of ceramic grade Nicalon fibers
manufactured by Nippon Carbon Company, Ltd., distributed by Dow Coming
Corporation. Nicalon fibers are stable above 1000°C and retain 80% of their strength at
1200°C in air, making them a model candidate for aerospace CMC applications. The
fibers are 12 to 15 microns in diameter.
composites are listed in Table 1.

Properties for the constituents and the
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Table 1: Constituent and Composite Properties.
Nicalon/MAS-5
Property
SiC/BMAS
0.465
Fiber Volume Fraction, Vf
0.355
Fiber Modulus, Ef (GPa)+
193
193
110b
Matrix Modulus. Em (GPa)
106*
Composite Modulus. E (GPa)
120
160
3.9
3.9
Fiber Thermal Expansion, ocf (le'6/°C)+
2.2'
2.7*
Matrix Thermal Expansion. a m(le'b/°C)
References: Dow Coming Corporation; +Kim, 1992[28]; aReinsch, 1995[90];
bRule-of-mixtures. Properties referenced to 21 °C.
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3.3 Mechanical Testing Equipment
The basic test equipment used for this study was specially designed by the
University of Dayton Research Institute (UDRI) and the Air Force Research Laboratory,
Materials and Manufacturing Directorate (AFRL/MLLN), to perform room and elevated
temperature tension, fatigue, and creep testing of metals and metal and ceramic matrix
composites [91]. The basic test apparatus is made up of three major components: a test
frame, a control unit, and a personal computer [91].
A detailed schematic of the mechanical testing apparatus is shown in Figure 13.
The approximate control structure for the load frame and heating system is shown. A
more detailed description of each component is detailed later. A photo of the entire test
system can be seen in Figure 14. Note that three PC systems were used; two for the
nondestructive evaluation systems and one to acquire mechanical test data. During this
study, the heating, ultrasonic, and optical inspection systems were developed for use with
the basic test system.

Figure 13: Schematic of the mechanical testing system.
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Figure 14: Photograph of the mechanical and nondestructive test systems.
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3.3.1 Test Frame
Testing was performed in a horizontal test frame using a servohydraulic load
actuator.

The horizontal system was specifically designed for testing of advanced

composites [91], The mechanical assembly consisted of a load control unit equipped with
a 25 kN load cell. The crosshead displacement was measured using an LVDT in the
actuator. The servohydraulic actuator was controlled by an arbitrary waveform generator.
The PC-based MATE (MAterials Testing and Environment) software, developed by Mr.
George Hartman of UDRI, was used to acquire mechanical data and to ramp the quartz
lamps up to temperature.
Rigid hydraulic friction grips were used to grip the specimen.

Nickel-based

inserts of precisely varied thickness were used in the grips so that specimens of different
dimensions could be tested.

The water-cooled grips were designed to work at

temperatures as high as 1023 K.

The grips incorporated precisely machined outer

surfaces to obtain precise transverse alignment. Additional information about the test
system can be found in Hartman, et al. [91]. In addition, the grips included a chamber for
housing longitudinal wave transducers, as discussed later [59, 60].
A high temperature extensometer was used to measure the displacement in the
specimen. The extensometer was fitted with alumina rods, resulting in a gage length of
10.3 mm. The gage length was kept small to fit entirely within the reduced heated zone
of the compact quartz heating system. Due to the relatively high coefficient of thermal
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expansion for alumina, additional time was taken to allow for the alumina rods to settle
before high temperature testing.

3.3.2 Quartz Lamp Heating System
Compact quartz lamps were positioned above and below the specimens to provide
the heat for elevated temperature tests.

Each lamp consisted of two quartz bulbs

separated by an alumina tube surrounded by zirconia felt.

The quartz lamps were

controlled using closed loop feedback. A schematic of the temperature control setup is
shown in Figure 15. The upper lamp is not shown. The small lamps, when used in
conjunction with the longer specimens, allowed additional NDE equipment to be used
during elevated temperature testing.
Due to the nature of the NDE techniques used in this investigation, traditional
methods for controlling temperature could not be used. Typically, thermocouples are
placed on the test specimen surface to provide the necessary feedback to the controllers.
A ceramic adhesive was used to bond the thermocouple to the specimen surface to
prevent oxidation and to ensure proper heat conduction.

However, affixing

thermocouples to the specimen would interfere with the propagation of surface waves
during the test. Thus, an alternate method of controlling the temperature during testing
was devised.
A companion specimen was constructed for each type of composite material by
outfitting a straight sided specimen with two S-type thermocouples. A dummy specimen
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of like material was instrumented along its length with thermocouples and gripped in
place of an actual test specimen.

With the feedback from the dummy specimen

controlling the power output, the lamp height and felt placement were fine tuned to
provide a smooth temperature profile. Readings from the companion specimen were
recorded with the dummy specimen at the target temperatures. After the temperature
profiles were recorded, feedback from the companion specimen was used to control the
power output and repeat the profiles. In this manner, temperature control was maintained
for a range of target temperatures without an instrumented test specimen. A photo of the
companion specimen setup is shown in Figure 16. In this figure, the spring clips enclose
the companion and test specimens. The surface wave transducers are affixed to the test
specimen only. The control thermocouples are located on the companion specimen in the
same region as the extensometer gage length above the centerline of the lower quartz
lamp. The extensometer is affixed to the test specimen in the background of the photo.
The temperature profile generated by the companion specimen technique is
presented in Figure 17. The profile represents temperature readings taken along the
length of a test specimen at target temperatures ranging from 500-1100°C.

The

combination of low thermal conductivity and the cooling action of the grips resulted in
low surface temperatures near the location of the ultrasonic transducers. The temperature
on the specimen surface approached room temperature at a distance of 53 mm from the
lamp, or the approximate position of the surface wave transducers during testing.
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Figure 15: Top view of the temperature calibration and control setup.

Figure 16: Photograph of the companion specimen setup.
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Distance from Lamp Centerline (mm)
Figure 17: Temperature profiles generated on [0]]6 Nicalon/MAS-5 specimens using
feedback from a companion specimen.

The companion specimen technique was capable of keeping the gage length to
within 2% of the target temperature. The distance maintained between the companion
specimen and the test specimen was sufficient for testing either the straight sided or the
wider dogbone specimens. The surfaces at each end of the companion specimens were
ground down approximately 1-1.5 mm. The material was removed to allow the insertion,
removal, or repositioning of the companion specimen without having to ungrip the test
specimen. Repeated removal and replacement of the companion specimen did not affect
the accuracy of the temperature profile.

Observation of the temperature controllers

indicated that the power output at temperature remained constant over the entire course of
high temperature testing.

Repeated heating of the companion specimen did not

compromise its temperature controlling capabilities.
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3.4 Ultrasonic Test Equipment
During this study, an NDE technique based on ultrasonic longitudinal and surface
wave propagation through the specimen was used to characterize damage initiation and
propagation.
The NDE system consisted of two pairs of broadband ultrasonic transducers
placed in contact with the specimen, as shown in Figure 18 [59, 60].

Two pulser-

receivers generated the energy needed to excite the longitudinal and surface wave
transducers.

Personal computers with analog-to-digital (A/D) boards were used to

acquire the ultrasonic signal. A schematic of the data acquisition setup is shown in
Figure 19.

Spring
Clip
Friction Grip
\

Angle
Wedge

Surface Wave
Transducer

Longitudinal
Transducer

Figure 18: Ultrasonic transducer assemblies and friction grips.
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Figure 19: Ultrasonic data acquisition setup.

5.4.1 Transducers and Wedges
The ultrasonic transducers and wedges used in this study were manufactured by
Panametrics. The pair of broadband contact transducers used in combination with the
angle wedges on the specimen surface had a nominal diameter of 0.25 inches and a center
frequency of 10 MHz.

The wedges were specially manufactured by Panametrics to

produce a surface wave in a ceramic matrix composite. A thin layer of high temperature
couplant (Sonotech Sono 950) was used between the surface wave transducers and the
angle wedges. The surface wave and wedge assemblies were attached to the top of the
specimen using spring clips and a thin layer of couplant on the specimen surface. A
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schematic of the surface and longitudinal wave transducers is shown in Figure 18. The
surface wave transducers are shown on the specimen surface with one spring clip
removed for clarity. The longitudinal wave transducers are housed in the friction grip
assembly and held in place with spring attachments. Longitudinal transducers of center
frequencies 0.2, 1, and 10 MHz (0.5 inch diameter) were used in this investigation.
In order to avoid damaging the sensitive piezoelectric crystals, the temperatures of
the transducers and the angle wedges were kept below 50°C. Temperature profiles shown
in Figure 17 indicate that a heated zone of 1150°C resulted in a surface temperature of
37°C at the transducer location. However, initial testing was halted when thermocouples
placed on the surface wave transducers quickly reached 47°C. Radiant heating of the
aluminum spring clips was identified as the cause of the temperature increase. Foil heat
shields, as shown in Figure 20, were constructed to shield the transducers and wedges
from the radiant heat emitted from the quartz lamps. With the heat shields in place, a
constant temperature of 37°C was maintained during all the tests. A simple experiment
determined the effects of elevated temperatures on the transducer performance. A heat
gun was used to warm the transducer assembly only.

An increasing transducer

temperature up to 39°C resulted in a negligible decrease in the normalized peak-to-peak
surface wave amplitude, as seen in Figure 21.
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Normalized Peak to
Peak Amplitude

Figure 20: Photo of foil heat shields.

Transducer Temperature (°C)
Figure 21: Effect of transducer temperature on surface wave peak-to-peak amplitude.
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3.4.2 Analog to Digital Output
The analog-to-digital (A/D) setup for acquiring the ultrasonic signals was a
commercially available system manufactured by Signatech. For this study, 100MHz, 8bit data acquisition boards were used. The software provided with the data acquisition
system allowed for a real time display of the ultrasonic signal. Software developed in
house by Mr. Dennis Buchanan of UDRI was used to acquire and store the data.

3.4.3 Pulser-Receiver
In this study, each set of transducers operated in a pitch-catch configuration. For
both the surface and longitudinal wave setups, pulser-receivers were used to excite the
ultrasonic transducers. The pulser applied a short duration, large amplitude pulse of
electrical energy to the first ultrasonic transducer which converted the signal to
mechanical energy via the piezoelectric effect. The resultant wave interacted with the
material as it traveled along the length of the specimen.

The receiving transducer

converted the incident mechanical energy into an electrical signal which was amplified by
the receiver section. The pulser-receivers had a bandwidth of 100 Hz to 35 MHz and a
variable receiver voltage gain of up to 80 dB.
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3.4.4 Propagation o f Surface Waves in CMC
For the CMC used in this study, the transverse (shear) wave velocity was
estimated to be 3400 m/s [45]. For transducers with a known center frequency, and a
Rayleigh wavespeed approximately 90% of the transverse wave velocity, the wavelength
was calculated through the relation,
VR = f r

(1)

where, V r is the velocity of the Rayleigh wave, f is the transducer center frequency, and
k is the wavelength. Typically, surface waves propagate with effective energy to a depth
of about one wavelength into the specimen. For the 10 MHz transducers used on this
material, the depth of penetration was calculated to be 0.3 mm. This depth corresponds to
the first three plies, or 0°, 90°, and 0° plies of the [0/90]3s SiC/BMAS composite. The
surface wave signal was assumed to interact with microcracks, debonding, and
delamination occurring in these layers.
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3.5 Characterization o f Crack Initiation, Accumulation, and Growth

This section describes the various techniques used to document the initiation and
progression of damage during tensile testing of CMC. Before each test, the gage section
of each specimen was polished using diamond pastes of sizes 6, 3, and 1 micron in order
to enhance microscopic imaging for crack detection.

3.5.1 Surface Replication Techniques
Surface replicates were taken during each quasi-monotonic and load/unload test.
Due to wide variations in the quality of each replicate, a minimum of three replicates
were taken at each loading interval to ensure the accuracy of the crack density data. The
replication procedure consisted of applying a thin film of acetone to the specimen edge
and placing acetate tape in contact with the liquid. The softened acetate tape infiltrated
any open cracks as well as the outlines of surface features such as fibers or oxidation.
Upon drying, the replicates provided a detailed record of damage progression. Careful
monitoring of the ultrasonic signal showed that the replication process did not produce
any lasting effects upon the surface wave signal.

The replicates were subsequently

examined under a confocal laser scanning microscope (LSM).

The laser scanning

microscope system was capable of making digital images of replicate surfaces at high
magnifications.
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3.5.2 Optical Techniques
Edge inspection procedures using a 35 mm camera with microscope attachment
were developed during this study to document damage mechanisms. The specimen edge
could be inspected under load at magnifications up to 100X. The in situ camera setup
was able to image phenomena such as crack initiation, extension, and crack opening and
closing.

Digital X-Y indicators were mounted on the movable stage supporting the

camera. The optical setup, as shown in Figure 22, allowed the locations of cracks to be
recorded for reexamination at each subsequent load level.

A photo of the optical

microscope setup is shown in Figure 23. During high temperature testing, the companion
specimen and lower lamp were removed before assembling the microscope.

Microscope
assembly

Camera

Specimen
X-Y digital indicators
mounted on traveling
stage

Figure 22: Schematic of microscope assembly and 35 mm camera.

47

3.5.3 Crack Counting Techniques
For the [0/90]3s laminates, crack densities were determined by either the in situ
microscope or via the examination of replicates.

The [0/90]3s laminates displayed a

relatively small number of well defined cracks. Separate records were kept for cracks
occurring in each ply orientation (0° or 90°). Cracks in the [0] i6 laminates were counted
by replicate examination due to the large quantities and small dimensions of the cracks.
During replicate examination, the total number of cracks was determined by averaging
the number of cracks in each successive frame of the LSM.

Crack densities were

calculated over the cumulative examined area of the replicate. In this investigation, the
crack spacing was taken to equal the inverse of the crack density.

Figure 23: Optical microscope and 35mm camera used for edge inspection.
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3.6 Testing Procedures
A detailed description of the testing procedures at room and elevated temperatures
is given in this section. Several of the common procedures followed before each test are
described here. The width and thickness of the specimen gage length and tab section
were measured, and the appropriate grip inserts were chosen. Specimens were mounted
in the grips using depth gages to ensure precise alignment. Hydraulic cylinders situated
on the grips provided the normal clamping forces.

3.6.1 Room Temperature Testing Procedure
After gripping the specimen, the surface wave transducers were affixed to the
specimen surface using spring clips. The longitudinal wave transducers were placed in
the grip housing and held in place using spring attachments. Both sets of transducers
were positioned and the gain adjusted to produce an optimal signal.
Several additional steps were taken to ensure that a surface wave was being
generated on the specimen. A wet obstruction, such as a dab of couplant, was temporarily
placed between the transducers. The resultant waveform was viewed on an oscilloscope.
If the signal contained a large surface wave component, the transmitted signal
experienced a significant amount of attenuation due to the surface obstruction.

The

transducers were adjusted until the signal displayed such behavior. Couplant was added
to the bottom surface of the specimen to damp out spurious wave modes, e.g. plate or
Lamb waves. With the NDE transducers in place, the extensometer was mounted on the
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specimen. Monotonic tests were run at a loading rate of 1 MPa/s until failure. Ultrasonic
data was acquired continuously throughout the monotonic tests at one second intervals.
For quasi-monotonic and load/unload testing, replicates of the specimen edge
were taken before testing. The specimens were loaded to a predetermined stress level and
replicates taken. The quasi-monotonic tests were immediately taken to the next stress
level. At intermediate and high loads, specimens were partially unloaded to 60 percent of
the current maximum load before taking replicates.

Partial unloading was done to

minimize the possibility of stress corrosion cracking [92], During each load/unload test,
the specimen was fully unloaded after reaching the peak stress. Ultrasonic and stressstrain data was acquired during the unloading cycle.

Replicates were taken after

reloading to approximately 60 percent of the previous peak level because of the difficulty
in imaging cracks without an applied load. The 60 percent load level of the reloading
cycle was high enough to open existing matrix cracks without creating any additional
damage. The load/unload sequences were repeated for successively higher stress levels
until failure.

3.6.2 Elevated Temperature Testing Procedure
Testing at elevated temperatures presented limitations to the extent of NDE data
acquired. The size of the quartz lamp setup did not allow the surface wave transducers to
be used with the [0/90]3s SiC/BMAS specimens. The NDE information acquired during
elevated temperature testing of [0/90]3s material was restricted to the longitudinal wave
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transducers only. After positioning the ultrasonic transducers in the manner described
above for room temperature, the extensometer was mounted on the specimen.
Additional steps were taken prior to testing at elevated temperatures.

The

appropriate temperature control companion specimen was positioned beside the specimen
on the side opposite the extensometer. A depth gage was used to place the companion
specimen in the exact location occupied during calibration. The upper and lower lamps
were positioned 2.5 mm from the specimen surface. The MATE software was used to
ramp the quartz lamps up to temperature. The specimen was maintained at the target
temperature until the extensometer stabilized, usually for a period of not more than ten
minutes. For monotonic testing, the load was increased at a rate of 1 MPa/s until failure.
Ultrasonic data were taken at approximately 10 second intervals throughout the test.
For interrupted testing, replicates of the specimen edge were taken before testing.
After bringing the specimen up to temperature, the specimen was loaded to a
predetermined stress level and then immediately unloaded while recording mechanical
and ultrasonic data. Upon reaching zero load the lamps were shut off. After the specimen
cooled, the companion specimen and the lower lamp were removed and the 35mm
camera assembled.

The specimen was loaded up to a stress level below the room

temperature proportional limit to open existing cracks and to avoid creating new damage.
After replicates and photographs were taken, the camera was removed, the companion
specimen replaced, and the lamps realigned. The process was repeated for successively
higher load levels until failure.

CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction
The results of this study are discussed in three sections: mechanical behavior
results, physical observations, and ultrasonic results. A summary of these sections is also
provided at the end of this chapter.

4.2 Summary o f Mechanical and Nondestructive Testing
N summary of the test parameters can be seen in Table 2. Specimens are listed
according to test type, material, test temperature, geometry, and the manner in which
ultrasonic data was recorded during each test. Each test was run at a loading rate of 1
MPa/s.

The tests were run in lab air with no particular effort made to control the

humidity.
Each [0] i6 Nicalon/MAS-5specimen was tested while acquiring data from surface
and longitudinal wave transducers of 10 and 1 MHz, respectively. Monotonic tests were
run at 900 and 1100°C. A quasi-monotonic test was run at 21 °C.
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This specific test involved holding a specimen at successively higher load levels
and measuring the crack density without unloading completely between measurements.
Load/unload tests were run at 21 and 900°C. Load/unload tests involved ramping to a
predetermined stress level below failure and unloading immediately while acquiring
mechanical and ultrasonic data.

The load/unload test technique allowed the crack

densities, permanent strains, hysteresis loop widths, and various moduli to be measured at
each interval. These additional data were needed for modeling purposes as discussed in
Chapter 5. The load/unload technique was repeated for successively higher load levels
until failure. Repeat tests were performed at each temperature to account for variations
among specimens and to ensure the fidelity of the experimental data.
Due to the short length of the cross-ply specimens, the [0/90]3s SiC/BMAS
material could not be tested at elevated temperatures with the surface wave transducers.
The cross-ply material was used to further investigate the effects of transducer center
frequency on the longitudinal wave sensitivity. Three monotonic tests were run at 21 °C
to evaluate the performance of longitudinal transducers with center frequencies of 0.2,
1.0, and 10 MHz. Three monotonic tests were run at 1150°C to observe the performance
of the longitudinal transducers at elevated temperatures. A quasi-monotonic test was run
at 21 °C to measure the crack density without unloading the specimen completely.
Load/unload tests were run at 21 and 800°C. An additional load/unload test was repeated
for each temperature. A monotonic test was run at 800°C for comparison with the
load/unload data at the same temperature.

Table 2: Summary of Mechanical and Nondestructive Test Parameters.
Test Type

Test
Temperature fC )

Specimen
Geometry

StressStrain
Data

97-782

Quasi-Monotonic

21

Small Dogbone

X

97-783

Load/Unload

21

Small Dogbone

97-G03

Load/Unload

21

Dogbone

98-G00

Load/Unload

900

Dogbone

98-G01

Load/Unload

900

98-F08

Monotonic Tension

900

98-F06

Monotonic Tension

Specimen
number

Unloading
Data

Surface
Wave
Frequency

Longitudinal
Wave
Frequency

Crack
Density
Data

10 MHz

1 MHz

X
X

|[0],e Nicalon/MAS-5

98-F04
Monotonic Tension
[0/90] 3S SIC/BMAS

X

X

10 MHz

1 MHz

X

X

10 MHz

1 MHz

X

X

X

10 MHz

1 MHz

X

Dogbone

X

X

10 MHz

1 MHz

X

Straight Sided

X

-

10 MHz

1 MHz

900

Straight Sided

X

10 MHz

1 MHz

1100

Straight Sided

X

10 MHz

1 MHz

95-D33

Quasi-Monotonic

21

Dogbone

X

94-649

Load/Unload

21

Dogbone

X

X

95-D21

Load/Unload

21

Dogbone

X

95-D26

Monotonic Tension

21

Dogbone

X

95-D28

Monotonic Tension

21

Dogbone

X

95-D24

Monotonic Tension

21

Dogbone

X

95-D29

Monotonic Tension

21

Dogbone

X

-

95-D34

Load/Unload

800

Dogbone

X

X

95-D25

Load/Unload

800

Doghnne

X

X

98-E08

Monotonic Tension

800

Straight Sided

X

98-E14

Monotonic Tension

1000

Straight Sided

X

98-E05

Monotonic Tension

1150

Straight Sided

X

98-E06

Monotonic Tension

1150

Straioht Sided

X

98-E09
Monotonic Tension
1150
All testing performed at a loading rate of 1 MPa/s

Straight Sided

X

10 MHz

1 MHz

X

10 MHz

1 MHz

X

X

10 MHz

1 MHz

X

-

10 MHz

1 MHz

10 MHz

1 MHz
10 MHz

-

-

10 MHz

200 kHz
1 MHz

X

1 MHz

X

-

1 MHz

-

200 kHz

-

1 MHz

-

10 MHz

-

200 kHz

-

-

Uh
UJ
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4.3 Mechanical Behavior Results

4.3. J [0]i6 Nicalon/MAS-5 Monotonic Mechanical Behavior
Specimens were tested in monotonic tension at 21, 900, and 1100°C. As shown
in Figure 24, the modulus decreased with increasing temperature.

The decrease in

modulus has largely been attributed to a softening of the matrix and an increase in strain
capacity [36]. The specimens tested at 21 and 900°C displayed distinct proportional
limits. At 1100°C, the specimen displayed only a slight knee in the stress-strain curve at
a strain of approximately 0.0011 m/m. A summary of the ultimate strengths and strainto-failure is given in Table 3.

Strain (m/m)
Figure 24: Monotonic stress-strain behavior of [0]i6 Nicalon/MAS-5
at 21, 900, and 1100°C. Corresponding specimen numbers
are listed in Table 3.
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Table 3: Summary of Monotonic Tension Results for [0]i6 Nicalon/MAS-5.
Specimen

Strain to
Temperature
Modulus
Proportional
UTS
(°C)
Failure (m/m)
Limit (MPa)
(GPa)
(MPa)
97-782
21
0.00848
151
196
548
> 0.00440*
98-F06
900
117
163
353
>0.00541*
98-F08
900
113
390
171
> 0.00823*
98-F04
1100
71
415
105
Strain-to-failure reported for fracture occurring outside of the gage length.

The different overall stress-strain response at 1100°C may signal the activation of
different damage mechanisms.

Brennan et al. [33] noted that at temperatures above

1000°C, the reduction in matrix viscosity led to a decrease in the matrix’s ability to
transfer load to the fibers. In this investigation, inspection of the polished edges of the
specimen tested at 1100°C revealed evidence of glassy flow and heavy oxidation. In
contrast, the specimen tested at 900°C retained the polish on its edge. However, as
evidenced by the ultimate tensile strengths (see Table 3), the specimens tested at elevated
temperature displayed evidence of intermediate temperature embrittlement.
The fracture surface of the specimen tested at 900°C is shown in Figure 25. The
specimen failed in a region of the heated zone corresponding to about 600-700°C
determined by the temperature profile of Figure 17, and possessed two notable
fractographic features. The first was a narrow planar region around the perimeter of the
specimen fracture surface. The fibers in these regions displayed almost no pullout. Since
this perimeter region was nearest the surfaces of the specimen, the absence of fiber
pullout was caused by high strength interfacial bonds formed via oxidation. The high
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interfacial sliding stresses in the oxidized region led to premature fiber failures and a
reduction in the number of fibers available to carry the load, resulting in low ultimate
strengths and strain-to-failures. The second feature was a central region with extensive
fiber pullout. The existence of fiber pullout indicated low sliding stresses and little or no
oxidation of the fibers. The large pullout lengths in the central region indicated that
oxidation did not extend far below the specimen surface. In contrast, the specimens
tested at room temperature displayed fiber pullout over their entire fracture surfaces, as
shown in Figure 26.
A photo of the fracture locations of the elevated temperature tests is shown in
Figure 27. Each specimen displayed the same embrittled fracture surface features as
described above. Each elevated temperature specimen fractured near the periphery of the
heated zone corresponding to temperatures of 600-700°C as shown in the temperature
profile of Figure 17. In contrast, all three specimens tested at room temperature failed in
the region of the fillet radius as shown in Figure 28.

The specimens retained their

strength in the reduced sections and failed at flaws in the high stress concentration region
of the radius. The fracture locations of the dogbone specimens tested at 900°C are shown
in Figure 29. Unlike the room temperature dogbone specimens, the specimens tested at
high temperature failed in the gage length. Like the monotonic tests at 900°C, these
specimens failed within the gage length near the periphery of the heated zone.
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Figure 25: Fracture surface of [0]16Nicalon/MAS-5 at 900°C (98-F06).

5 mm

Figure 26: Fracture surface of [0] i6 Nicalon/MAS-5 at 21 °C (97-783).
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98-F08
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98-F06

(c)

Figure 27: Photo of fracture locations at (a) 1100, (b) 900, and (c) 900°C
for [0] 16 Nicalon/MAS-5
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Figure 28: Photo of fracture locations at 21 °C for [0]]6Nicalon/MAS-5.
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Figure 29: Photos of fracture locations at 900°C for [0]i6Nicalon/MAS-5.

4.3.2 [0]i6 NicalordMAS-5 Load/Unload Mechanical Behavior
Current modeling efforts incorporate specific types of data that cannot be obtained
from monotonic testing.

Hysteresis loop widths, unloading moduli, and permanent

strains provide valuable information concerning the behavior of CMC [1,2, 24-26, 43,
93]. Therefore, load/unload tests were performed to acquire the necessary data. The
room temperature load/unload stress-strain curve is plotted in Figure 30 along with the
monotonic data. The room temperature load/unload stress-strain trace contained several
features. At low load levels, the unloading and loading path possessed identical slopes,
indicating that the material did not experience damage.

The next feature was the

evolution of hysteresis at loads after the proportional limit. The presence of hysteresis
indicated that energy was being dissipated during loading and unloading.
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Strain (m/m)

Stress (MPa)

Figure 30: Monotonic and load/unload stress-strain behavior of
[0]i6 Nicalon/MAS-5 at 21 °C.

Strain (m/m)
Figure 31: Monotonic and load/unload stress-strain behavior of
[0] 16 Nicalon/MAS-5 at 900°C.
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The presence of hysteresis in CMC indicated the frictional sliding of fibers against
matrix. The load/unload trace also revealed the existence of an inflection point in the
unloading path. At high stresses, the initial unloading modulus remained fairly constant
until the inflection point was reached. At this point, approximately halfway through the
unloading cycle, the modulus became stiffer. In previous investigations of CMC this has
been attributed to either crack closure or debris wedging in open cracks [29, 84]. The
development of an inflection point may also be attributed to the relief of compressive
axial residual stresses in the matrix caused by progressive debonding [34]. Permanent
strains were also present upon unloading at high peak loads.
Inspection of the specimens tested at 1100 and 1150°C indicated that the
specimen edge retained its polish in a zone corresponding to 900°C. Hence, monotonic
and load/unload tests were conducted at 21 and 900°C in an attempt to quantify the
effects of temperature on the cracking behavior.

The load/unload behavior of [0]i6

Nicalon/MAS-5 at 900°C was plotted in Figure 31 along with the monotonic behavior.
Both the monotonic and load/unload tests at 900°C experienced a debit in ultimate
strength and strain-to-failure.

These results were consistent with the failure modes

observed during elevated temperature monotonic testing. Since each load/unload test
represented roughly five times the elevated temperature exposure of the monotonic tests,
the embrittlement effect was expected to be more severe. The fracture surfaces of the
load/unload tests at 900°C displayed embrittled zones and central fiber pullout similar to
those seen in Figure 25. All the dogbone specimens failed in the same manner. Edge
breaking cracks on opposite sides of the specimen formed in the periphery of the heated
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zone.

As the cracks progressed, more fibers oxidized and failed.

Eventually, the

reduction in cross sectional area caused the specimens to fail at an angle, as seen in
Figure 29.
The elevated temperature load/unload tests also showed the formation of
permanent strains at even low loads, which may have resulted from a more compliant
matrix, a reduced interfacial sliding stress, and/or the relief of residual stresses.
Moreover, the hysteresis loops were wider at elevated temperatures, indicating an
increase in the amount of frictional energy dissipated compared to room temperature.
Increased values of frictional dissipation are associated with decreases in the interfacial
sliding stress [37]. The elevated temperature load/unload trace also indicated the absence
of an inflection point upon unloading, which suggested either a reduction in the
magnitude of residual stresses or a decrease in the effects of crack closure. Kuo and
Brennan [33, 34] have shown that the effect of residual stresses at elevated temperatures
decreases when testing near the composite consolidation temperature of 1300-1400°C.

4.3.3 [0/90]3s SiC/BMAS Monotonic Mechanical Behavior
Figure 32 shows the monotonic tensile test stress-strain response of [0/90]3s
SiC/BMAS at 21, 800, 1100 and 1150°C. The stress-strain behavior for the specimens
tested at 21 °C and 1150°C are shown in Figure 33 and Figure 34, respectively. As
observed in the [0]i6 Nicalon/MAS-5 material, the composite modulus decreased with
increasing temperature.

The specimens tested below 1150°C displayed distinct
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proportional limits. At 1150°C, the composites displayed gradual proportional limits. As
observed in the unidirectional material, the reduction in matrix viscosity may have
dominated the damage process at 1150°C. The polished edges of specimens tested at
1000 and 1150°C displayed evidence of glassy flow and oxidation. All three elevated
temperature specimens failed in a region of the heated zone corresponding to 100-200°C,
as shown in Figure 35. The material was more damage tolerant when heated above
800°C than at room temperature. Unlike the [0] i6 material, the [0/90]3s material did not
display embrittlement due to elevated temperature exposure.
Due to the restrictions placed on surface wave testing at elevated temperatures,
cross-ply specimens were used to document the response of the longitudinal transducers
at room and elevated temperatures. The monotonic stress-strain results of the three room
temperature monotonic tests run with the three transducers are shown in Figure 33. Four
room temperature tests resulted in three different stress-strain responses. Since the
specimens were from the same panel, differences in the stress-strain were thought to be
due to machining damage observed during polishing, fiber misalignment, poor
consolidation, and/or deficient fiber/matrix interface properties.

No distinct pattern

emerged from the fracture locations at room temperature, as shown in Figure 36. The
results of three monotonic tests run at 1150°C are shown in Figure 34. Unlike the room
temperature tests, the specimens tested at 1150°C displayed little scatter. The lack of
scatter was most likely due to an increased tolerance of the voids, machining damage, and
flaws present in the matrix. A summary of the moduli, proportional limits, ultimate
strengths and strain-to-failure for each composite is given in Table 4.
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Figure 32: Monotonic stress-strain behavior of [0/90]3s SiC/BMAS at room and elevated
temperatures. Corresponding specimen numbers are listed in Table 4.

Table 4: Summary of Monotonic Tension Results for [0/90]3s SiC/BMAS.
Specimen

Temperature
(°C)

Strain to
Failure
(m/m)
95-D24
21
> 0.003645"
123
73
236
95-D28
21
119
223
0.011302
83
> 0.0039581
95-D29
21
129
82
239
95-D33
21
> 0.004854"
111
60
214
98-E08
> 0.004333"
800
81
102
227
98-E14
> 0.003354"
1000
64
72
168
> 0.004750"
98-E05
1150
49
50
200
98-E06
> 0.005125"
1150
54
50
191
98-E09
> 0.005500"
1150
61
59
225
Strain-to-failure reported for fracture occurring outside of the gage length.
Modulus (GPa)

Proportional
Limit (MPa)

UTS
(MPa)
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Stress (MPa)

Figure 33: Stress-strain behavior of [0/90]3s SiC/BMAS at 21 °C.

Figure 34: Stress-strain behavior of [0/90]3s SiC/BMAS at 1150°C.
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Figure 35: Photo of fracture locations at (a) 21, (b) 800, (c) 1000, and (d) 1150°C
for [0/90]3S SiC/BMAS
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Figure 36: Photo of fracture locations at 21 °C for [0/90]3s SiC/BMAS.
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Figure 37: Photo of fracture locations at 1150°C for [0/90]3s SiC/BMAS.

4.3.4 [0/90]3s SiC/BMAS Load/Unload Mechanical Behavior
Inspection of the specimens tested at 1100°C indicated that the specimen edge
retained its polish in a zone corresponding to 800°C. Hence, monotonic and load/unload
tests were conducted at 21 and 800°C in an attempt to quantify the effects of temperature
on the cracking behavior.

The monotonic and load/unload stress-strain traces are

compared in Figure 38 and Figure 39 at room and elevated temperatures, respectively. At
21 and 800°C, the load/unload cycles appeared to decrease the overall performance.
However, the differences between the load/unload and monotonic tests may have been
within the scatter observed in the monotonic stress-strain data alone.
load/unload tests are required to verify this difference in behavior.

Additional

At 800°C, the

load/unload strain-to-failure and ultimate strength were greater than or equal to that of the
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monotonic data.

Unlike the [0]J6 Nicalon/MAS-5 material, the [0/90]3s SiC/BMAS

material did not exhibit embrittlement at this temperature despite a large number of
load/unload cycles. The longer exposure times at elevated temperature did not result in a
significant reduction in the strain-to-failure or ultimate strength.
The cross-ply specimens shared some similarities with the unidirectional material.
At room temperature, the loading and unloading moduli of the crossply material
possessed identical slopes at stresses below the proportional limit. At higher stresses, the
load/unload trace also developed hysteresis, indicating the dissipation of energy due to
frictional sliding.

At room temperature, an inflection in the unloading trace and

permanent strains developed at higher peak loads. Significantly higher permanent strains
were present in the elevated temperature load/unload test after the first loading cycle.
Unlike the stress-strain trace at 21 °C, the elevated temperature load/unload trace
maintained fairly constant width loops with little or no inflection upon unloading as
shown in Figure 39.
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Figure 38: Monotonic and load/unload stress-strain behavior of
[0/90]3S SiC/BMAS at 21 °C.

Figure 39: Monotonic and load/unload stress-strain behavior of
[0/90]3S SiC/BMAS at 800°C.
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4.4 Physical Observations

4.4.1 [0]i6 Nicalon/MAS-5 Room Temperature Damage Progression
Matrix microcracking first occurred between 205 and 210 MPa during room
temperature testing of [0]i6 Nicalon/MAS-5, as shown in Figure 40. The matrix cracking
stress was close to the observed proportional limit of 200 MPa as shown in Figure 41.
The evolution of matrix cracking is shown as a function of strain for all three room
temperature tests in Figure 42. The crack densities increased sharply with increasing
strain after the onset of matrix cracking. The formation of new cracks slowed appreciably
at intermediate to high strains. In the case of two specimens, a saturation crack density
was reached. These observed trends agreed in nature and magnitude with other accounts
of damage progression [15-17, 19, 20, 26, 28, 80]. As the load increased, smaller cracks
link up in a relatively uniform manner perpendicular to the loading axis, as shown in
Figure 43. Upon further loading, crack extension occurred across unbroken fibers until
the cracks spanned several fiber spacings. The presence of intact fibers indicated that
interfacial debonding occurred and consequently, a low strength bond between fiber and
matrix existed. At very high stress levels (s > 0.0025), the spacing between adjacent
cracks decreased until the matrix reached a fairly uniform crack spacing. Near failure the
cracks typically spanned half the thickness of the specimen or greater.
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Figure 40: Photos of [0]|6 Nicalon/MAS-5 (a) before testing and (b) at 210 MPa.
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Stress (MPa)

Crack Density (mm"1)

Strain (m/m)
Figure 41: Typical stress-strain and cracking behavior in [0]i6 Nicalon/MAS-5 at 21°C.

Figure 42: Evolution of crack density in [0] i6 Nicalon/MAS-5 at 21°C.

-Load

Figure 43: Matrix microcracking in [0]i6 Nicalon/MAS-5 specimen 97-782 at (a) 205 MPa and (b) 260 MPa.
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4.4.2 [0] i6 Nicalon/MAS-5 Elevated Temperature Damage Progression
Matrix cracking first occurred at 175 MPa in an interrupted test of specimen 98G01 as shown in Figure 44.

As previously discussed for room temperature, cracks

usually spanned single fiber spacings at lower loads.

As the load increased, cracks

extended across unbroken fibers until the cracks spanned several fiber spacings. The
presence of unbroken fibers indicated that interfacial debonding occurs due to a low
strength bond between fiber and matrix. The differences in the progression of matrix
cracking at 900°C compared with room temperature is summarized in Section 4.5.2.
A distinct oxidation pattern appeared in the matrix upon heating to 900°C.
Figure 45 shows such patterns in a specimen after crack initiation. Cracks propagated
preferentially through these oxidized sites, as shown in Figure 46 and Figure 47. The
matrix cracking stress was near the proportional limit of the specimen (See Figure 48).
The crack densities for the tests performed at 900°C are shown in Figure 49. The number
of load/unload cycles at elevated temperature was limited in an attempt to minimize
embrittlement effects due to repeated loadings. Crack initiation and propagation occurred
at roughly the same strain for both specimens.

The sharp increase in crack density

following initiation at room temperature is absent at 900°C.

The crack densities at

elevated temperature were lower in magnitude compared with the room temperature
densities for the same applied strain.

Unfortunately, the premature failure of the

specimens due to embrittlement limited the amount of crack density information obtained
during testing at 900°C.
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<M M

Figure 44: Surface replicates showing microcracking in [0] 16 Nicalon/MAS-5 at 900°C
(a) before testing, and at (b) 125. (c) 175, and (d) 225 MPa (98-G01).

Figure 45: Micrograph o f |0 ||(, Nicalon/MI.AS-5 specimen 98-G00 after loading to 250 MPa at 9()0°C.
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Figure 46: Micrograph of [0]i6 Nicalon/MAS-5 after loading to 200 MPa at 900°C.

Figure 47: Micrograph of [0]i6 Nicalon/MAS-5 after loading to 250 MPa at 900°C.
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Crack Density (mm-1)

Strain (m/m)

Crack Density (mm-1)

Figure 48: Typical stress-strain and matrix cracking behavior of
[0]i6 Nicalon/MAS-5 at 900°C.

Figure 49: Evolution of crack density in [0] ie Nicalon/MAS-5 at 900°C.
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4.4.3 [0/90]3s SiC/BMAS Room Temperature Damage Progression
Cracks initiated primarily in the matrix rich regions of either 0 or 90° layers of the
composite as shown in Figure 50.

Matrix microcracking initiated in the [0/90]3s

composites near the proportional limit stresses. The stress-strain and cracking behavior
of a typical specimen is shown in Figure 51. Cracks spanned the width of matrix rich
regions in both the central and near-surface plies and were usually bounded by either 0 or
90° fibers at each end. In contrast, idealized crack initiation in CMC, (See Figure 2), is
constrained to the central 90° plies. Previous studies [29, 31, 32], have observed that
crack initiation in cross-ply composites occurs in the matrix rich regions where the local
fiber spacing is the widest, regardless of ply orientation. As the applied stress increased,
new cracks formed and small coplanar cracks linked up.

At higher stresses, cracks

extended through adjacent 0 and 90° layers, spanning nearly the entire thickness of the
specimen. Near fracture the specimens developed a fairly uniform spacing between
adjacent cracks.
The number of cracks in the gage length was determined at intervals over the life
of the composite. The evolution of crack density in the 0 and 90° plies is shown in Figure
52 and Figure 53, respectively.

As shown by the figures, cracking occurred

simultaneously in the 0 and 90° plies.

A plot of the crack densities for all plies,

regardless of orientation, is shown in Figure 54. All three specimens reached a saturation
crack density, albeit with different values for the final density.

The reason for the

disparity between crack density measurements is not immediately clear.
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Figure 50: Surface replicates of [0/90]3s SiC/BMAS specimen 95-D21
taken (a) before testing, and (b) at crack initiation (70 MPa).
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Crack Density (mm-1)
Figure 51: Typical stress-strain and matrix cracking behavior in 0 and 90° plies of
[0/90]3S SiC/BMAS at 21 °C.

Figure 52: Evolution of crack density in 0° plies of [0/90]3s SiC/BMAS at 21°C.
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Figure 53: Evolution of crack density in 90° plies of [0/90]3s SiC/BMAS at 21 °C.

Figure 54: Evolution of crack density in 0 and 90° plies of [0/90]3s SiC/BMAS at 21 °C.
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4.4.4 [0/90]3s SiC/BMAS Room Temperature Crack Opening and Closing
One important observation made in this investigation was the ability of the fibers
to bridge open cracks. Sliding between fibers and the matrix imparts unique properties to
CMC. Several features in the stress-strain curve have been attributed to the effects of
sliding and crack closure.

Previous NDE investigations [48] have noted that crack

closure has a significant effect on the propagation of ultrasonic signals.

Since the

mechanics of microcracking are significant, the experimental setup was used to document
evidence of crack opening and closing. The [0/90]3s specimen was photographed at a
peak load past the proportional limit and upon unloading. Micrographs of the crack
behavior are shown in Figure 55. Although similar behavior was observed in the [0]i6
material, the [0/90]3s material is shown due to the larger crack sizes and more dramatic
crack opening displacements with respect to the [0]ie material.

(a)

(b)

Figure 55: Photographs of an edge crack in [0/90]3S SiC/BMAS (95-D33)
(a) opening at peak load and (b) after unloading to zero load.
oo
4-
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4.4.5 [0/90]3s SiC/BMAS Elevated Temperature Damage Progression
Upon heating the [0/90]3s specimens to 800°C, the specimen edges did not display
the oxidation observed in the [0]i6 Nicalon/MAS-5 material.

Instead, the [0/90]3s

SiC/BMAS appeared to undergo crystallization. An example of the crystallization pattern
can be seen in the matrix of Figure 56 (b), Figure 57, Figure 58, and Figure 59. The
patterns were not present in the unexposed state as shown in Figure 56 (a). Matrix
microcracking initiated near a broad ‘knee’ in the stress-strain curve at approximately 100
MPa, as shown in Figure 60.

Analogous to the room temperature behavior, cracks

initiated in the matrix rich regions of the composite, as seen in Figure 56. Cracks usually
spanned the entire distance of the matrix rich region and arrested at either a 0 or 90° fiber
interface. Several cracks at elevated temperature also displayed the tendency to span
distances greater than the width of the local fiber spacing, as shown in Figure 57, Figure
58, and Figure 59. As the stress level increased, small cracks extended across unbroken
fibers and linked together. At very high stresses, the cracks were observed to span several
plies.
The progression of microcracking for a typical [0/90]3s SiC/BMAS specimen
tested at 800°C can be seen in Figure 60. Testing at 800°C significantly reduced the
amount of microcracking compared to room temperature, as shown in Section 4.5.2. As
shown by Figure 61 and Figure 62, crack initiation occurred at the same strain for both
tests. Cracking also occurred simultaneously in the 0 and 90° plies. The number of
cracks in each ply orientation was fairly equal throughout the test. A plot of the total
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cracks in each ply orientation was fairly equal throughout the test. A plot of the total
crack density is shown in Figure 63. The crack density information obtained at elevated
temperature was more extensive compared to the [0]i6 Nicalon/MAS-5 material due to
the resistance of the [0/90]3s SiC/BMAS material to embrittlement effects.
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Figure 56: Surface replicates showing [0/90]3s SiC/BMAS (95-D25) fa) before testing,
and (b) at matrix crack initiation at 100 MPa and 800°C.

Figure 57: Photo of [0/90]3s SiC/BMAS specimen 95-D34 tested at 800°C.

oo
oo
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Figure 58: Photo of [0/90]3S SiC/BMAS specimen 95-D34 tested at 800°C.

Figure 59: Photo of [0/90]3s SiC/BMAS specimen 95-D34 tested at 800°C

Crack Density (mm"1)

Stress (MPa)

90

Figure 60: Typical stress-strain and matrix crack behavior in 0 and 90° plies
of [0/90]3S SiC/BMAS at 800°C.

Figure 61: Evolution of crack density in 0° plies of [0/90]3s SiC/BMAS at 800°C.
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Figure 62: Evolution of crack density in 90° plies of [0/90]3s SiC/BMAS at 800°C.

Figure 63: Evolution of crack density in 0 and 90° plies of [0/90]3s SiC/BMAS at 800°C.
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4.5 Ultrasonic Wave Propagation Results

4.5.1 Surface Wave Propagation in [O ft Nicalon/MAS-5 at Room Temperature
The through-propagating surface wave behavior during the room temperature
quasi-monotonic test of

[0 ] i6

Nicalon/MAS-5 is shown in Figure 64. The surface wave

peak-to-peak amplitude (defined in Figure 5, p. 13) and stress are plotted versus strain.
The peak-to-peak signal amplitude was normalized with respect to signals taken before
testing. The surface wave data was normalized before each test to allow for comparison
of data between various tests. Differences in absolute magnitude between tests were
inevitable due to variation in coupling and signal gain. In Figure 64, the surface wave
amplitude shows a sudden and distinct decrease in peak-to-peak amplitude at a stress
level of approximately 200 MPa, which coincided with the onset of matrix cracking, and
in turn, the proportional limit of the specimen (See Figure 41). The signal amplitude
continued to decrease sharply with applied stress. After reaching 300 to 350 MPa, the
signal amplitude was negligible in comparison to the background noise of the data
acquisition system.
To further understand the observed room temperature surface wave phenomena,
ultrasonic data were acquired during the load/unload test. The corresponding surface
wave amplitude and stress-strain behavior are presented in Figure 65. Similar to the
surface wave behavior shown in Figure 64, the signal exhibited a distinct and sudden
decrease in amplitude at approximately 220 MPa. As shown previously, (Figure 31,
Figure 42), the onset of matrix cracking occurred at 210 MPa for this specimen.
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Stress (MPa)

Normalized Peak to
Peak Amplitude

Strain (m/m)
Figure 64: Monotonic stress-strain and surface wave behavior
[0] i6 Nicalon/MAS-5 at 21 °C.

Stress (MPa)

Normalized Peak to
Peak Amplitude
0.000 0.002 0.004 0.006 0.008 0.010
Strain (m/m)
Figure 65: Load/unload stress-strain and surface wave behavior of
[0]16 Nicalon/MAS-5 at 21°C.
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The data in Figure 65 were separated into individual load/unload cycles and
shown in Figure 66 to better understand the NDE/mechanical behavior during unloading
to zero load. The applied stress and surface wave amplitude are plotted as a function of
strain in this figure. In Figure 66 (a), the stress-strain curve behaved linear elastically up
to 190 MPa. The signal amplitude for this loading cycle decreased by about 10% at the
maximum stress of 190 MPa. However, nearly all of the signal amplitude was recovered
upon unloading. In Figure 66 (b), the stress-strain curve again behaved linear elastically
to a maximum stress of 210 MPa. The loading cycle in Figure 66 (b) produced the first
visible microcracks in the matrix. At this time, the peak-to-peak amplitude of the surface
wave signal began its rapid decline, only to be interrupted by unloading of the specimen.
A portion of the signal amplitude was not recovered upon unloading, consistent with the
residual strain observed upon unloading to zero stress. Thus, the decrease in signal
amplitude coincided with the initiation of matrix cracks in the unidirectional material at
room temperature.
Examination of the load/unload loops of Figure 66 reveals that the surface wave
can be used to differentiate between existing damage and the initiation and/or propagation
of new damage. As seen in Figure 66 (c)-(f), the signal experienced gradual losses due to
the opening of cracks formed by the previous loading cycle. The signal continued its
sharp decrease in amplitude only when the stresses exceeded the previous peak stress
level.

Thus, the surface wave technique can be used to monitor the initiation and

progression of matrix cracking.
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Stress (MPa)

Normalized P-P Amplitude

Stress (MPa)

Normalized P-P Amplitude

Stress (MPa)

Normalized P-P Amplitude

Figure 66: Individual load/unload cycles for [0]i6 Nicalon/MAS-5 (97-783)
showing stress-strain and surface wave behavior at 21 °C.
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The load/unload cycles provided another key piece of information regarding the
interaction of cracks and surface wave signals. As observed in the loops of Figure 66, the
signal amplitude increased during unloading. After the onset of permanent damage, the
signal amplitude never returned to its previous level prior to loading. In fact, the resulting
signal amplitude regained upon unloading decreased as the peak stress increased. The
signal amplitude upon unloading was commensurate with the amount of accumulated
damage in the specimen.
At higher stresses, shown in Figure 66 (e) and (f), the increase in signal amplitude
during unloading coincided with the inflection points of the stress-strain curve. Since the
inflection points are associated with the partial contact of crack surfaces, a portion of the
surface wave amplitude was governed by crack opening and closing. As previously
shown in Figure 55, edge cracks in the [0/90]3s SiC/BMAS material opened at maximum
load and closed upon unloading to zero load. Although not documented here, similar
behavior was also observed in the [0]i6 Nicalon/MAS-5 material. In addition to matrix
cracking, damage was manifested by interfacial debonding and fiber fracture. However,
the relationship between surface wave behavior and these damage modes is unclear at this
point.
The surface wave behavior is further summarized in Figure 67. In this plot, the
surface wave amplitude and crack density data are plotted as a function of strain. Clearly,
the decrease in the peak-to-peak amplitude of the surface wave signal coincided with the
initiation and propagation of matrix microcracks.
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Figure 67: Surface wave behavior and crack progression in [0]i6 Nicalon/MAS-5 at
21°C.

4.5.2 Longitudinal Wave Propagation in [0] m Nicalon/MAS-5 at Room Temperature
The normalized peak-to-peak amplitude of the longitudinal wave is shown along
with the stress-strain response in Figure 68 for the specimen shown in Figure 64. The
peak-to-peak amplitude of the longitudinal wave signal decreased gradually until failure.
A comparison of Figures 64 and 68 reveals that unlike the surface wave , the longitudinal
wave was not as sensitive to the initiation and propagation of matrix cracks.

The

longitudinal wave behavior during the load/unload test shown in Figure 69 also showed
little change during testing in comparison to the surface wave signal of Figure 65. The
apparent lack of sensitivity to matrix cracking may have been due to the nature of the
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propagation of the longitudinal wave in CMC. As discussed previously in Chapter 1,
changes in the longitudinal wave are associated with changes in the composite stiffness.
The mechanical damage recorded within the gage length during testing represented 5-7
percent of the entire specimen length. Conversely, the longitudinal wave propagated
through the entire length of the specimen, a majority of which was relatively free of
damage. Hence, the particular setup employed in this investigation may not result in the
most accurate corroboration of the longitudinal wave signal when comparing with the
stress-strain behavior in the gage length.
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Normalized Peak-toPeak Amplitude

Strain (m/m)
‘S

Figure 68: Monotonic stress-strain and longitudinal wave behavior
[0] i6 Nicalon/MAS-5 at 21 °C.

Stress (MPa)

Normalized Peak-toPeak Amplitude

Strain (m/m)
Figure 69: Load/unload stress-strain and longitudinal wave behavior of
[0] i6 Nicalon/MAS-5 at 21 °C.
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4.5.3 Surface Wave Propagation in [0]i6 Nicalon/MAS-5 at Elevated Temperatures
The surface wave behavior during monotonic testing of [0]i6 Nicalon/MAS-5 at
21, 900, and 1100°C is shown in Figure 70. The corresponding stress-strain curves are
shown in Figure 24. Two features are evident in the plot of normalized peak-to-peak
amplitude versus strain. The sudden decrease in amplitude associated with the onset of
matrix cracking occurred at increasing strains with increasing temperatures. The delay in
the onset of matrix cracking was contrary to the decrease in proportional limit with
increasing temperature as shown in Table 3. Second, the decrease in amplitude became
increasingly gradual with increasing test temperature. The initiation and propagation of
matrix cracking was increasingly suppressed or delayed with increasing test temperature.

0.000 0.002 0.004 0.006 0.008 0.010
Strain (m/m)
Figure 70: Effect of temperature on surface wave behavior during monotonic
testing of [0]i6Nicalon/MAS-5.
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Ultrasonic data were also acquired during the load/unload tests performed at
900°C. Testing at elevated temperatures required several additional steps beyond the
room temperature procedure. These steps often caused changes in the surface wave
signal. However, since no additional mechanical damage was introduced between cycles,
changes in the signal were due to secondary aspects of the testing procedure.

For

example, repeated heating of the couplant led to changes in the transmitted signal even in
the absence of an applied stress. Therefore, the peak-to-peak amplitudes were normalized
before each subsequent loading cycle. In order to show the relative behavior between
each loading cycle, the normalized values at the beginning of each cycle were adjusted to
equal the amplitude of the signal at the end of the previous cycle. Since the changes in
the peak-to-peak amplitude between cycles were not due to mechanical damage, this
modification was expected to be consistent with surface wave behavior observed during
room temperature testing.
The resulting plot, Figure 71, shows a sharp decline in peak-to-peak amplitude
near the proportional limit during the test at 900°C.

The decline in peak-to-peak

amplitude occurred at the onset of matrix cracking as shown in Figure 49. The individual
loops of the second test are shown in Figure 72. The ultrasonic data in this figure was
presented without adjustments to the end of the previous cycle in order to highlight the
changes in the peak-to-peak amplitude as they were observed during testing. At 150
MPa, neither the stress-strain nor the surface wave gave any indication of damage. As the
stress was increased, the surface wave signal suddenly decreased at a strain of
approximately 0.0017 m/m.

At this point the stress-strain curve began to exhibit a
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decrease in slope. Physical observation of the specimen edge revealed the presence of
microcracking after loading to this maximum stress level, as shown in Figure 49. At the
next loading interval, the signal decreased slowly until the previous maximum stress level
was reached. At this point, the signal was attenuated sharply, indicating the onset of
additional damage in a manner similar to the room temperature test.
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Figure 71: Load/unload stress-strain and surface wave behavior of
[0]i6 Nicalon/MAS-5 at 900°C.
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Figure 72: Individual load/unload cycles for [0]i6 Nicalon/MAS-5 (98-G01)
showing stress-strain and surface wave behavior at 900°C.

The surface wave behavior is further correlated to damage mechanisms in Figure
73. In this plot, the surface wave peak-to-peak amplitude and crack density is plotted as a
function of strain for the two tests conducted at 900°C. For the sake of clarity, only the
loading portions of the stress-strain data are shown. As discussed earlier, the peak-topeak amplitudes were normalized and adjusted relative to the values obtained at the end
of the previous loading cycle. In Figure 73, the peak-to-peak amplitude began to decline
sharply at the onset of matrix cracking. As previously shown for room temperature, the
amplitude of the surface wave signal decreased with increasing crack densities.
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Figure 73: Surface wave behavior and crack progression for
[0]i6 Nicalon/MAS-5 at 900°C.

4.5.4 Longitudinal Wave Propagation in [0] i6 Nicalon/MAS-5 at Elevated Temperatures
Longitudinal wave data was taken during the elevated temperature load/unload
tests of [0] i6 Nicalon/MAS-5. The typical longitudinal wave and stress-strain behavior is
plotted in Figure 74. Unlike the surface wave data at 900°C, the longitudinal wave data
presented in Figure 74 did not require normalization before each cycle because the
longitudinal transducers and couplant were maintained at a constant temperature inside
the cooled grips. As shown in Figure 68 and Figure 74, the longitudinal wave was less
sensitive to changes in the stress-strain curve at 900°C compared to the response at room
temperature. The lack of sensitivity was consistent with the smaller change in slope of
the stress-strain response during testing at 900°C (See Figure 74) compared to room
temperature
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Figure 74: Load/unload stress-strain and longitudinal wave behavior of
[0] i6 Nicalon/MAS-5 at 900°C.
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4.5.5 Surface Wave Propagation in [0/90]3s SiC/BMAS at Room Temperature
The characterization of through-propagating surface waves during the room
temperature quasi-monotonic test of [0/90]3s SiC/BMAS is shown in Figure 75. The
surface wave peak-to-peak amplitude and stress are plotted versus strain. As discussed
earlier, the peak-to-peak signal amplitude was normalized with respect to signals taken
before testing. In Figure 75, the surface wave amplitude showed a sudden and distinct
decrease in peak-to-peak amplitude at a stress level of approximately 60 MPa, coinciding
with the onset of matrix cracking (Figure 51), and in turn, the proportional limit of the
specimen. The signal amplitude continued to decrease sharply with applied stress. After
reaching 175 MPa, the signal amplitude became negligible in comparison to the
background noise of the data acquisition system.
To further understand the observed room temperature surface wave phenomena,
ultrasonic data was acquired during the load/unload test. The corresponding surface wave
amplitude and stress-strain data are presented in Figure 76. Similar to the response in
Figure 75, the surface wave signal exhibited a distinct and sudden decrease in amplitude
at approximately 75 MPa. The onset of matrix cracking occurred between 70 and 90
MPa for this specimen, as shown in Figure 52.
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Normalized Peak to
Peak Amplitude
Figure 75: Monotonic stress-strain and surface wave behavior
[0/90]3S SiC/BMAS at 21 °C.

Stress (MPa)

Normalized Peak to
Peak Amplitude

Strain (m/m)
Figure 76: Load/unload stress-strain and surface wave behavior of
SiC/BMAS [0/90]3S.
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The data in Figure 76 were divided into individual load/unload cycles and shown
in Figure 77 to understand the behavior during unloading to zero load. The applied stress
and surface wave amplitude are plotted as a function of strain. In Figure 77 (c), the
stress-strain curve behaved linear elastically up to 70 MPa. The signal amplitude at the
peak load of 70 MPa began to turn downward. However, cracks were not identified until
the next loading cycle at 90 MPa.. In Figure 77 d), the stress-strain curve displayed
permanent damage in the form of hysteresis. The loading cycle in Figure 77 d) produced
the first visible microcracks in the matrix, as shown in Figure 50. At this time, the peakto-peak amplitude of the surface wave signal declined by approximately 60 percent.
Thus, the decrease in signal amplitude coincides with the initiation of matrix cracks in the
cross-ply material at room temperature.
The load/unload cycles provided another key piece of information regarding the
interaction of cracks and surface wave signals. As observed in the loops of Figure 77, the
signal amplitude increased during unloading. After the onset of permanent damage, the
signal amplitude never returned to its previous level prior to loading. The resulting signal
amplitude regained upon unloading decreased as the peak stress increased. The increase
in signal amplitude during unloading coincided with the inflection points of the stressstrain curve. As previously shown in Figure 55, edge breaking cracks in the [0/90]3s
SiC/BMAS material opened at maximum load and closed upon unloading to zero load.
Since the inflection points are associated with the partial contact of crack surfaces, a
portion of the surface wave amplitude was governed by crack opening and closing in the
[0/90]3s material.

Normalized P-P Amplitude

Stress (MPa)
Stress (MPa)

Normalized P-P Amplitude

Figure 77: Individual load/unload cycles for [0/90]3s SiC/BMAS (95-D21)
showing stress-strain and surface wave behavior at 21 °C.
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The surface wave behavior is further summarized in Figure 78. In this figure, the
surface wave amplitude and crack density data are plotted as a function of strain. Similar
to the response of the [0] 16 Nicalon/MAS-5 material (Figure 67), the decrease in the peakto-peak amplitude of the surface wave signal coincided with the initiation and
propagation of matrix microcracks in the [0/90]3s material. The amplitude of the surface
wave declined with increasing crack densities for both specimens.
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Figure 78: Surface wave behavior and crack progression in
[0/90]3S SiC/BMAS at 21 °C.

4.5.6 Longitudinal Wave Propagation in [0/90]j,s SiC/BMAS at Room Temperature
Due to the short length of the [0/90]3S specimens, the surface wave behavior at
elevated temperatures could not be investigated for this material. Instead, the cross-ply
material was used to determine the effects of center frequency on the longitudinal wave

I ll
response. Three monotonic tests were run at 21 °C using longitudinal transducers of
center frequencies 0.2 1.0, and 10 MHz.

The resultant normalized peak-to-peak

amplitudes are plotted versus strain in Figure 79. In ultrasonics, the size of the flaw that
can be detected is inversely proportional to the frequency of the incident wave. In this
investigation, the flaw size was taken to be the distance between adjacent cracks.
Consequently, transducers of higher frequencies (i.e., smaller wavelength) could
potentially distinguish between cracks separated by smaller spacings. Due to the small
crack spacings observed in CMC, the 10 MHz transducer was expected to be the most
sensitive, and the 0.2 MHz the least sensitive to flaws.
The normalized peak-to-peak amplitude of the longitudinal wave is shown for the
three transducers in Figure 79. The corresponding stress-strain plots are shown in Figure
33. The 1 MHz transducer decreased sharply at strains associated with crack initiation.
However, the decrease in the 1 MHz signal was related to an abrupt change in stiffness in
specimen 95-D28, as shown in Figure 33.

The response of the transducers at the

remaining center frequencies was similar to that observed in the [0]i6 Nicalon/MAS-5
material (See Figure 68).
The monotonic tests were repeated at 1150°C for each transducer center
frequency. The normalized peak-to-peak amplitudes are plotted versus strain in Figure
80. The amplitude of the longitudinal wave decreased gradually until failure for all three
transducers.

The gradual decrease resulted from the gradual declines in stiffness

observed in the stress-behavior (Figure 34) and was consistent with the behavior observed
in the [0] 16 Nicalon/MAS-5 material at high temperature (Figure 69).
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Figure 79: Effect of transducer center frequency on the
longitudinal wave response at 21 °C.

Figure 80: Effect of transducer center frequency on the
longitudinal wave response at 1150°C.
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4.6 Summary
The major findings from this investigation are summarized in this section. The
significant mechanical results are listed.

The crack progression in each material is

compared at room and elevated temperatures. The surface wave peak-to-peak amplitude
is plotted as a function of crack density.

4.6.1 Summary o f Mechanical Results for Interrupted Testing
Selected results of the room and elevated temperature tests are outlined for the
[0]i6 Nicalon/MAS-5 and [0/90]3s SiC/BMAS materials in Table 5 and Table 6,
respectively.

Values for the moduli, proportional limits, matrix cracking stresses,

ultimate tensile strengths and the corresponding strains are listed in these tables.

Table 5: Summary of Interrupted Testing Results for
[0] j6 Nicalon/MAS-5 at 21 and 900°C.
Specimen
97-782
97-783
98-GOO
98-G01

Temperature Modulus
(°C)
(GPa)
21
21
900
900

151
156
110
121

Proportional
Matrix Crack
At Ultimate
Limit
Initiation
Tensile Strength
(MPa) (m/m) (MPa) (m/m) (MPa) (m/m)
190 0.00136 205 0.00145 550 0.00847
250 0.00165 212 0.00136 412 0.00524
124 0.00143 <200 0.00255 292
0.0034
130 0.00125 175 0.00177 300 0.00423
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Table 6: Summary of Interrupted Testing Results for
[0/90]3S SiC/BMAS at 21 and 800°C.
Specimen
94-649
95-D21
95-D33
95-D25
95-D34

Temperature Modulus
(GPa)
(°C)
21
21
21
800
800

104
115
114
97
101

Proportional
Limit
(m/m)
(MPa)
40
0.00038
75
0.00067
60
0.00057
n/a
n/a
n/a
n/a

At Ultimate Tensile
Matrix Crack
Strength
Initiation
(m/m)
(MPa)
(m/m)
(MPa)
40
0.00038
178
0.00795
70
0.00064
152
0.00376
65
0.00062
214
0.00485
100
0.00142
203
0.00416
90
0.00141
232
0.00508

4.6.2 Summary o f Damage Characterization Using Interrupted Testing
A plot summarizing the crack densities measured during room and elevated
temperature testing of [0]i6 Nicalon/MAS-5 is shown in Figure 81. Testing at elevated
temperatures resulted in a delay in the onset of matrix cracking. In addition, a slight
overall reduction in the number of cracks was observed during testing of the [0]i6
material at 900°C. The crack densities obtained during room and elevated testing of
[0/90]3s SiC/BMAS are shown in Figure 82. Testing the [0/90]3s material at 800°C
resulted in a substantial delay in the onset of matrix cracking. A significant reduction in
the overall number of cracks also occurred in the [0/90]3s material at 800°C.

Crack Density (mm-1)
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Crack Density (mm ■1)

omparison of matrix cracking for [0]i6 Nicalon/MAS-5 at 21 and 900°C.

Figure 82: Comparison of matrix cracking for [0/90]3s SiC/BMAS at 21 and 800°C.
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4.6.3 Nondestructive Characterization as a Function o f Damage Mechanisms
The normalized peak-to-peak amplitude response is plotted as a function of crack
density in Figure 83 for the [0]i6 Nicalon/MAS-5 material at 21 and 900°C. At 21°C, the
surface waves gradually decreased from the untested signal level at the onset of matrix
cracking. For the two specimens tested at 900°C, the surface waves began their decrease
at a level 60-80 percent of the untested level at the onset of matrix cracking. It seems that
other damage modes may have precipitated this initial decrease at elevated temperatures,
although additional testing is needed to confirm this.
The response of the normalized peak-to-peak amplitude for [0/90] 3s SiC/BMAS at
21 °C is plotted as a function of total crack density in Figure 84. In contrast to the gradual
decline of the surface wave response of the [0]i6 Nicalon/MAS-5 material, (Figure 83),
the surface wave response of the [0/90]3s SiC/BMAS material was characterized by a
significant loss of amplitude at the onset of matrix cracking. Since the crack densities for
the [0/90]3s SiC/BMAS material gradually increased (See Figure 52, Figure 53, and
Figure 54) the sudden loss in amplitude may indicate that other damage modes, such as
debonding, play a more significant role than expected. Additional tests are needed to
confirm the effects of such damage modes on the surface wave response.

Normalized Peak to
Peak Amplitude
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83: Surface wave response as a function of crack density in
[0] i6 Nicalon/MAS-5 at 21 and 900°C. The solid data points
represent data from 900°C tests.

Normalized Peak to Peak Amplitude

2?
§

Total Crack Density (m m '1)

Total Crack Density (m m '1)
Figure 84: Surface wave response as a function of crack density at 21 °C
in [0/90]3S SiC/BMAS.

CHAPTER 5
ANALYSIS

5.7 Introduction
The reviewed models predicted composite behavior through the use of shear-lag
models incorporating fiber-bridging as discussed in Chapter 1.

The independent

measurement of the crack spacing is an integral part in most analytical descriptions of
composite behavior. A majority of this investigation was devoted to the characterization
of damage progression at room and elevated temperatures. The following sections use an
available model to deduce various parameters using the damage measurements made
during this study.

5.2 Modeling Background
Many efforts have been directed towards modeling and predicting the behavior of
CMC.

Typically, investigations applied models derived for other types of materials,

notably polymer and epoxy matrix composites [8-11]. However, approaches that move
beyond wholly deterministic methods for describing composite behavior are more
desirable.
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In particular, the efforts of Evans, et al. [2, 23-26, 43] have met with some success
while moving towards a more accurate representation of CMC mechanics. The following
analysis uses the equations and methodologies developed in these investigations.
The underlying phenomenology for describing the behavior of CMC involves
matrix cracking and fiber failure. The basic assumptions include: (1) Due to the lower
strength of the matrix, cracks first form in the matrix and interact with intact fibers. (2)
Cracking commences at a lower bound stress, c mc. (3) The interfaces between fiber and
matrix debond with an energy Tj. (4) Sliding accompanies debonding at a constant shear
stress, x. (5) Matrix cracking leads to reductions in the elastic modulus. (6) Frictional
sliding is manifested in hysteresis and permanent strains. (7) The ultimate strength is
governed by fiber strength distributions. Predictions for the ultimate strength are not
addressed in this investigation.

5.3 Methodology Employed in this Analysis
As discussed in previous chapters, load/unload tests were performed for each
material at room and elevated temperatures, and the associated crack spacings
documented. The relevant parameters are illustrated schematically in Figure 85. The
permanent strain ep, was defined as the strain present upon complete unloading. The
individual hysteresis loops for each test were separated. The hysteresis loop widths were
obtained by measuring the difference between the loading and unloading strains at a p/2,
the stress at half the peak value. The tangent, elastic unloading and unloading moduli for
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each loop were also measured.

The tangent modulus, Et, was defined as the slope

corresponding to the first 25 to 30 percent of the loading curve. The unloading modulus,
Eu, was defined as the slope of the line measured between the minimum and maximum
strains of the loop. The elastic unloading modulus, E*u was defined as the slope of the
line corresponding to the first 25 to 30 percent of the unloading curve. The constituent
properties used in this investigation are listed in Table 7.
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Figure 85: Schematic defining modeling parameters.

Table 7: Constituent Properties Used in the Analysis.
SiC/BMAS Nicalon/MAS-5
0.465
0.355
Fiber Volume, Vf
193
193
Room Temperature Fiber Modulus, Ef (GPa)'
150
150
High Temperature Fiber Modulus, Ef (GPa)c
110a
Room Temperature Matrix Modulus. Em (GPa)
106+
81a
High Temperature Matrix Modulus, Em (GPa)
160
120
Room Temperature Composite Modulus, E (GPa)
-113
-81
High Temperature Composite Modulus, E (GPa)
3.9
3.9
Fiber Thermal Expansion, ctf (lx lO '^ C )1
2.2f
2.7*
Matrix Thermal Expansion, a m (lxlO'b/°C)
References: +Dow Coming Corporation; *Kim, 1992 [28]; aRule-of-mixtures; bReinsch.
1995 [90]; cPysher, 1989 [94],
Property
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5.3.1 Calculation o f Sliding Stresses
The first property investigated was the interfacial shear stress. The relation used
for the determination of x is given by Evans, et al. [2] as
62(1

^ r E mV f 2

(2)

where the fiber volume fraction Vf, fiber radius R, current peak stress crp, crack spacing
, and the matrix modulus Em, are related to the hysteresis index, H. The coefficients aj
and b2 are defined by Hutchinson [79] as
a, = Ef I E

(3)

and
b _ (1+
2~

v)£y + ( 1 - 2 v ) [ l - v + / ( l + v)](£, - £ Z|)
( l- v ^ ja + v tr + o - v ^ .]

where Ef is the fiber modulus, v is Poisson’s ratio, E the composite modulus, and E* is
defined as
E ' = ( \- V f ) E , + Vf Em

(5)
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Using experimentally determined crack spacings, Equation 2 can be rearranged
and solved for t using the relation
<fe1/2 = H ! 2

(6)

where J f ]/2 is the experimentally determined loop width at half of the maximum stress.
The results for the [0]i6 Nicalon/MAS-5 material are shown in Figure 86. At
room temperature, the average value of the sliding stress in the [0]]6 material was
calculated to be 16.3 MPa. The calculated value compares well with values for sliding
stresses reported in other investigations of CMC systems as shown in Table 8. At 900°C,
the sliding stress in the unidirectional material decreased to an average value of 1.5 MPa.
Hence, a notable decrease in x occurred at elevated temperatures. An extensive search of
the literature did not produce any known data for comparison of sliding stresses at
elevated temperatures.
Since Equations 2-6 were developed for 1-D materials, several assumptions were
made in order to calculate the sliding stresses for the [0/90]3s material. (1) The effects of
the 90° plies was discounted. (2) As a result, the stresses in the 0° plies were assumed to
be equal to twice the value of the applied stress. (3) The interfacial sliding stresses were
calculated using crack density information from the 0° plies only. The results for the
[0/90]3S SiC/BMAS material are shown in Figure 87. At room temperature, the average
value of the sliding stress in the [0/90]3s material was 2.8 MPa. At elevated temperatures,
the sliding stress decreased to an average value of 0.16 MPa. A notable decrease in
occurred at elevated temperatures for the [0/90]3s SiC/BMAS material.

t

Sliding Stress, x (MPa)
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Sliding Stress, x (MPa)

: Prediction of sliding stresses for [0] i6 Nicalon/MAS-5 at 21 and 900°C.

Figure 87: Prediction of sliding stresses for [0/90]3s SiC/BMAS at 21 and 800°C.
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Table 8: Published Values for Interfacial Sliding Stresses in CMC
Material

Layup

Nicalon/ MAS-5
Nicalon/ MAS-5
SiC/CAS
Nicalon/LAS
SiC/CAS
Nicalon/CAS
Nicalon/CAS
SiC/CAS
SiC/BMAS
SiC/LAS-III
SiC/BMAS
SiC/BMAS
SiC/BMAS
SiC/BMAS
Nicalon/CAS

[0]
[01
[01
[0]
[01
[01
[0]
[01
[01
[0]
[0/901
[0/901
[0/901
[0/90]
[0/90]

Temperature
(°C)
21
900
21
21
21
21
21
21
21
21
21
800
21
21
21

T
(MPa)
16.3
1.5
15-20
2-3
15-25
10-28
20
7
5.5
3
2.8
0.16
117 ± 58
102 ±50
15-22

Author
This study
This studv
Evans, et al. 1994
Curtin, 1991
Domergue, et al. 1995
Beverle. et al. 1992
Solti, et al. 1997
Kim and Pagano, 1991
Kim and Paeano. 1991
Kim and Pagano. 1991
This study
This study
Sun. et al. 1994
Sun, et al. 1996
Domergue, et al. 1996
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5.3.2 Prediction o f Unloading Modulus
An attempt was made to predict the reductions in the overall unloading modulus,
Eu, through the equation given by Evans, et. al. [2] as
+

(7)

where Eu* is the elastic unloading modulus, a p the current peak stress and the hysteresis
index, H, determined from Equation 2 using the estimated average sliding stresses, x. Eu*
was obtained from the measured load/unload stress-strain response. These parameters are
defined schematically in Figure 85.

The equations used for determining the overall

unloading modulus (Eu) were directly dependent on the values for the elastic unloading
moduli (Eu*). Predictions made with varying values of the sliding stress, x, show that
different values for x had a negligible effect on the predicted value of Eu. The results are
shown in Figure 88 and Figure 89 at 21 and 900°C, respectively.

Modulus (GPa)

127

Strain (m/m)
Figure 88: Prediction of unloading modulus for Nicalon/MAS-5 [0] i6 at 21°C.

Strain (m/m)
Figure 89: Prediction of unloading modulus for Nicalon/MAS-5 [0]i6 at 900°C.
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5.3.3 Prediction o f Permanent Strains
Evans et al. [2] derived an expression to estimate the permanent strains during
load/unload cycles as given by
s p = 2 H [1 + S , ][l + S , + E T ] + £ '

(8)

where H is the hysteresis index calculated with average sliding stresses, E, is the debond
index, E 7. the misfit index and f ’is the extension associated with relief of residual stress
caused by matrix cracks. The misfit index is given by
X T = ( c2 / c })EmQ /crp

(9)

where Ci and C2 are coefficients defined by Hutchinson [79] as
( l - V j a ])(b-,+bf)'12
=

(10)

2E,
a2(b2 + b f'12

(ID

^2 =

where a2 and b3 are defined as
( \ - V f )E f (\ + E f (\ + E f / E)
[£ / +

Vf (1

+ v ){(l -

(12)

(l-2 v )£ ]

Vf

)(1 + v ) ( l - 2 v ) ( £ , - £ m) + 2 (1 -

v ) 2 £ m}
(1 3 )

( l _ v ) ( l _ r / ) [ ( l + v ) £ * + ( l _ v ) £ m]
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the term Q is related to the thermal expansion coefficients by
Q = (a m- a ,

(14)

where a m and otf are the thermal expansion coefficients of matrix and fiber, respectively,
and AT is the temperature range over which the composite is cooled from consolidation.
The stress free temperature range for each composite was assumed to be 1300°C. For
tests at elevated temperatures, the test temperature was subtracted from this temperature
range. The debond index, I , , is given by
£ ,= (

I

/

c

,

)

7

£

.

r

,

(15)

where T, is the debond energy. The extension associated with relief of residual stress
caused by matrix cracks, e *, is given by
e = ( £ mQ / £ ) [ ^ a 2 / (1 -

)][£ / E'u -1]

(16)

where E is the initial composite modulus and Eu* the elastic unloading modulus.
The predictions for the permanent strains involved the debond energy of the
matrix, Tj. Values for the debond energy were not determined in this investigation.
Values for the debond energy found in the published literature [2, 25, 35] ranged from 0.1
to 10 J-m'2 for materials such as SiC/CAS and SiC/BMAS. Predictions were made for the
[0] i6 Nicalon/MAS-5 material by adjusting the value of the debond energy, Tj, in
Equations 8-16. The predicted permanent strains were compared to the experimentally
determined values shown in Figure 90. The predicted permanent strains for the [0]i6
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Nicalon/MAS-5 material at 21 and 900°C are shown in Figure 91 and Figure 92,
respectively. At 21 °C the calculated permanent strains over-predicted the experimental
values even for the lower bound case of a negligible debond energy (Ti~0). Cursory
examination of Equation 8 indicated that the error in the calculated permanent strains was
most likely due to an overestimation of the strains associated with the relief of residual
stresses caused by matrix cracks. A more detailed analysis is necessary to confirm this.
The permanent strains predicted for the [0]i6 Nicalon/MAS-5 material at 900°C
correlated well with the experimental data for a debond energy of Ti = 0.2 J-m'2, as shown
in Figure 92.

Since the effects of residual stresses were diminished at elevated

temperatures, the predicted permanent strains may not have suffered from the same overprediction as the analysis at 21 °C.
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Strain (m/m)
Figure 90: Evolution of permanent strains during testing of Nicalon/MAS-5 [0] ]6-

Figure 91: Prediction of permanent strains for [0] i6 Nicalon/MAS-5 at 21 °C.

Permanent Strain (m/m)
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Figure 92: Prediction of permanent strains for [0] 16 Nicalon/MAS-5 at 900°C.

CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
The results of this study have significantly advanced the current knowledge of
damage initiation and progression in CMC at elevated temperatures. This study also
demonstrated the first successful application of the surface wave technique during
elevated temperature testing of CMC and the correlation between the change in surface
wave characteristics and damage mechanisms.

This chapter presents the major

conclusions reached as well as several recommendations for future research.
This study investigated the characterization of damage initiation and progression
in [0] and [0/90] ceramic matrix composites at room and elevated temperatures using an
ultrasonic surface wave technique. The goal of this thesis was to develop and validate a
method of characterizing damage initiation and accumulation in CMC in situ at room and
elevated

temperatures.

This

investigation

successfully

used

an

integrated

NDE/mechanical test system to characterize damage initiation and accumulation in [0]
and [0/90] CMC systems. The in situ surface wave technique was used at room and
elevated temperatures (up to 900°C). Extensive surface replication and photography were
used to correlate changes in the ultrasonic wave characteristics to damage mechanisms.
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The sudden decrease in the peak to peak amplitude of the surface wave signal
coincided with the onset of matrix cracking at room and elevated temperatures. The
amplitude of the surface wave signal decreased with increasing crack density. Matrix
cracking occurred first in the matrix rich regions where the fiber spacing was the widest.
Figure 93 is a schematic of the experimentally observed matrix cracking in [0/90]3s
SiC/BMAS during testing at room and elevated temperatures.

Unlike the idealized

sequence of damage progression, (See Figure 2, p.3), matrix cracking was observed to
occur simultaneously in both ply orientations. As shown in Figure 93, testing at elevated
temperatures delayed the onset of matrix cracking in the [0/90] material. A delay in the
onset of matrix cracking was also observed in the [0] material as well. The overall
number of matrix cracks was reduced during testing of both materials at elevated
temperatures.
The surface wave technique was used to differentiate between the initiation and
propagation of damage. The change in peak to peak amplitude was shown to be sensitive
to the maximum stress levels during load/unload testing.

Load/unload testing also

revealed that a portion of the surface wave response may be attributed to the partial
contact of fracture surfaces in the form of opening and closing fiber bridged cracks. The
changes in the surface wave amplitude as a function of crack density allowed estimates of
damage to be made through nondestructive means.
The longitudinal wave technique did not demonstrate the same sensitivity to crack
progression as the surface wave technique. Instead, the longitudinal wave appeared to be
sensitive to changes in the overall stiffness, as evidenced by stress-strain curves.
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A shear lag model was used to deduce the interfacial sliding stress, t, as a function
of temperature for [0]i6 Nicalon/MAS-5 and [0/90]3s SiC/BMAS. The average calculated
sliding stresses decreased with increasing temperature for both materials. Predictions for
the composite unloading modulus were not influenced by changes in t. Predictions for
the permanent strain indicate that the [0]i6 Nicalon/MAS-5 material possessed a very low
debond energy.
21°C

800°C

Figure 93: Observed cracking behavior in [0/90]3s SiC/BMAS at 21 and 900°C
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6.2 Recommendations

Several recommendations are listed below for continuation of this work:
• Apply the surface wave technique to other ceramic systems such as oxide-oxide CMC.
• Develop a method of calibrating the surface wave signal so that crack densities can be
estimated based on current through-transmitted surface wave signals. A calibration
method would allow damage estimates to be made via the in situ ultrasonic surface
wave technique dining materials characterization tests such as creep and
thermomechanical fatigue.
• Vary the transducer center frequency used during the surface wave technique.
Transducers of higher frequency may allow smaller crack spacings to be detected and
therefore may provide information over a longer portion of composite life.
• Investigate the internal progression of damage to verify the edge inspection technique.
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